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PREDICTION OF PLASMA PROPERTIES 
IN MERCURY I O N  THRUSTERS 
The work accompl ished on the theore t ica l  model 1 ing  o f  i on  th rus ter  
processes i s  described i n  d e t a i l  i n  R-ference [I] and i t  w i l l  not  be 
reproduced here. This model enables one t o  ca lcu la te  discharge chamber 
p lasm properties from basic thrbster  design data and cont ro l lab le  
operating parameters. 
CATHODE TEMPERATURE MEASUREMENTS 
3N THE S I T  8 THRUSTER 
The SIT 8 th rus ter  r2931 was operated a t  it; nominal discharge cur- 
rent, f l ow  r a t 2  and h igh voltage operat ing condit ions wh i le  the tempera- 
tures of i t s  main and neu t ra l i ze r  cathode o r i f i c e  p lates were measured. 
The ob jec t ive  o f  the work was to determine if these cathode temperatures 
were su f f i c i en t l y  h igh t o  f a c i l i t a t e  e f f e c t i v e  bariusr migrat ion on the 
r o l l e d  tantalum f o i l  i nse r t s  used i n  the cathodes. The i n t e r e s t  i n  t h i s  
question was st imulated by var ia t ions  i n  the keeper charac ter is t i cs  of 
8 cm d ia  th rus ter  cathodes during operat ing tests.  
Platinum/platinum-rhodium themcoup les  were spot welded t o  the 
downstream s ide o f  the main and neu t ra l i ze r  cathode o r i f i c e  p lates.  
These thermocouples were i n s t a l  l e d  by c u t t i n g  and removing the downstream 
h a l f  o f  the enclosed keeper so a thermocouple, d i rec ted  t o  the v i c i n i t y  
o f  the cathode t i p  through an aluminum oxide tube could be attached t o  
the o r i f i c e  p late.  A f t e r  the thermocouple had been i n s t a l  l e d  the keeper 
wss reassembled, the th rus ter  was i n s t a l l e d  i n  the 1.5 m d ia vacuum 
f a c i l i t y  and tested. The keeper cur ren t  leve ls  and cathode heater powers 
were var ied during the tests bu t  the f low rates,  discharge current,  d is -  
charge-keeper voltage d i f fe rence and the beam cur ren t  remained essen t i a l l y  
f ixed.  Figure 1 shows the va r ia t i on  i n  cathode t i p  temperature w i t h  
cathode power for  the main cathode. Two separate sets of curves are 
shown; the f i r s t  one w i th  c i r c u l a r  data po in t  symbols was obtained w i t h  
'. 
cathode he3ter power only  and i s  l abe l l ed  "no discharge." The second 
set  o f  curves were obtained a t  a mercury f low r a t e  o f  90 mA equiv, a d is -  
charge current  o f  ~0.6 A, a beam current  of 0.072 A, a discharge-keeper 
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vc l  (age d i f fe rence o f  29 V and the keeper currents (IK) and cathode 
heater powers (PC,) ind ica ted  on Figure 1. The cathode pacer (PC) on 
the abscissa i s  ca lcu lated from the keeper current,  keeper voltage 
(VK) ,  disciidrge cur ren t  (ID) and cathode heater power using the fol lowing 
expression: 
PC PCH + ( I D  + I K )  VK 
Figure 1 shows t h a t  the o r i f i c e  p l a t e  temperature i s  no t  inf luenced 
s i g n i f i c a n t l y  by changes i n  keeper current  t ha t  might reasonably be ex- 
pected during the course of normal th rus ter  operation. I t  also suggests 
tha t  changes i n  cathode heater pdwer do a f f e c t  t h i s  temperature s i g n i f i -  
cant ly  and t h a t  a t  a cathode heater power o f  zero (normal operating 
condit ion) the o r i f i c e  p la te  temperature i s  su rp r i s i ng l y  low (500-600°C). 
Figure 2 shows a p l o t  o f  neutra l  i z e r  cathode o r i f i c e  p l a t e  tempera- 
tu re  as a function o f  cathode power. These data a1 so inc lude a curve 
o f  temperature vs. cathode heater power where there was no discharge 
( c i r c u i a r  symbols), as we11 as data obtained w i t h  the neu t ra l i ze r  
operating. The data were a l l  obtaiced a t  a 72 r 9  neut ra l i zer  emission 
cur ren t  bu t  a t  the two d i f f e r e n t  f low r a t e  condit ions indicated on the 
figure. It was observed t h a t  f low r a t e  change> over the range 6 mA t o  
Q 15 mA d i d  no t  a f fec t  the cathode o r i f i c e  p la te  temperatures s i g n i f i c a n t l y .  
The cathode power (PC) was computed for  these curves from the keeper 
current  ( IK) ,  the keeper voltage ( V K ) ,  the cathode heater power (PC,,) and 
the neut ra l i zer  current  required t o  match the beam current  ( I * )  from the 
express ion: 
PC = PC" + (IK + Ig) V K  
8 cm THRUSTER 
NEUTRALIZER CATHODE 
/Ik= O.4A 
- I I I I I 
I 5 13 15 20 25 30 35 
CATHODE POWER (watts) 
FIGURE 2. 8 CM THRUSTER NEUTRALIZER CATHODE T I P  TEMPERATURES 
I n  contrast  t o  resu l ts  obtained w i t h  the main cathode, the data of 
Figure 2 reveal t h a t  increases i n  neutral  i z e r  keeper cur ren t  e f fec t  
corresponding increases i n  o r i f i c e  p la te  temperatures. This apparently 
occws because the keeper cur ren t  i s  a l a rge r  f r a c t i o n  of the t o t a l  
emlssion cur ren t  i n  the case o f  the neu t ra l i ze r  cathode than i t  i s  i n  
the case o f  the main cathode. Figure 2 i s  a lso s t r i k i n g  because of the 
ve r j  low temperatures a t  which the neutra l  i z e r  o r i f i c e  p l a t e  operates 
i n  i t s  normal, zero heater power, operat ing condi t i o n  (400-500°C). 
Conclusion 
The d f i c e  p lates o f  the main and neut ra l i zer  cathodes operate a t  
low temperatures under design condit ions . These temperatures (400'-600°C) 
are probably too low t o  cause barium t o  migrate by evaporation and conden- 
sat ion ins ide  the cathode. I t  i s  important t o  note t h a t  the i n s e r t  
temperatures i n  these cathodes could however be subs tan t i a l l y  greater 
than the o r i f i c e  p la te  temperatures tha t  have been rneacsieu. I n  order 
t o  determi ne the magni tudes o f  temperature di f ferences between the 
w i f i c e  p la te  and the insert, tests  were performed on a mock up of the 
8 cm thrus ter  cathodes. These tests involved the USE o f  a quartz body 
through which i n s e r t  temperstures could be measured op t i ca l  :y . The 
work i s  described i n  the next sect ion o f  t h i s  report .  
HOLLOW CATHODE STUDIES 
Dan Siegfr ied 
A c r i t i c a l  component o f  the 8 cm thrus ter  hollow cathode i s  the 
cathode inser t .  I t s  design a f fec ts  cathode 1  i fe t ime and performance o f  
mercury hol low cathcdes. Most o f  the concerns about ho3 low cathodes re- 
volve around the e f f e c t  o f  i n s e r t  design on the i n s w t  operat ing tempera- 
tures. These temperatures i n  t u r n  a f f t ~ t  both the performance of the 
cathode and the deplet ion r a t e  o f  the low work func t ion  mater ia l  t h a t  i t  
contains. I n  addit ion, the recent change t o  a  s intered tungsten i n s e r t  
i n  the C I V  cathode l e d  t o  a  wed f o r  increased tes t i ng  t o  expla in d i f -  
ferences i n  operating keeper voltages from those t h a t  had been observed 
w i th  the f o i l  inser ts .  
I n  order t o  invest igate these ef fects,  i n s e r t  temperature p r o f i l e s  
and i n s e r t  emission cfArrents were determined f a r  a  number o f  d i f f e r e n t  
i n s e r t  conf igurat ions using a special  t e s t  cathode. The e f f e c t  o f  a  
number o f  operating parameit,-s on keeper voltage fo r  a  cath3de operat ing 
w i th  a  s intered tungsten i n s e r t  were also investigateo., The resu l t s  o f  
these invest igat ions w i  11 be presented and t h e i r  appl i cab i  1 i t y  t c  the C I V  
cathodes used i n  the 8 cm thrus ter  w i l l  be discussed. 
Apparatus and Procedure 
I n  order t o  i s o l a t e  the i n s e r t  from the  o r i f i c e  p l a t e  e l e c t r i c a l l y  
and t o  provide fo r  d i r z c t  v isual  observation of the inser t ,  a special  
cathode was constructed using a quartz body tube i n  the manner suggested 
by F i g w e  3. The cathode consisted of a quartz t h e  (4.4 mn O.D. X 
2.2 mn I.D.) w i t h  a conventional thor iafed tungsten o r i f i c e  p l a t e  having 
a 0.25 mn diameter o r i f i c e .  The end of t h ?  quartz tube and the back o f  
the o r i f i c e  p la te  were both ground f l a t .  The p l a t e  was he ld  t i g h t  
against the tube by a tensioning device which a lso acted as the keeper 
electrode. This electrode was sepwated from the o r i f i c e  p l a t e  by a 
2.3 mn t h i ck  spacer as shown i n  Figure 3. The quartz tube was covered 
on the outside by a c y l i n d r i c a l ,  tantalum f o i l  radiat iorr  sh ie ld  which 
had a narrow (-1.5 mn) long i tud ina l  s l i t  i n  it. The sh ie ld  was spot 
welded t o  the perimeter (rf the o r i f i c e  p l a t e  and was wrapped w i th  a w i re  
heater which was i n  t u r n  covered by another s l o t t e d  tantalum f o i l  radia-  
t i o n  sh ie ld  as shown i n  Fig. 3. The s l o t  i n  the rad ia t i on  sh ie ld  
allowed d i r e c t  visual observation o f  the i n s e r t  and i n te rna l  discharge 
through the quartz tube. The cathode assembly w ? ~  mounted i n  the support 
s t ructure shown i n  Fig. 4. 
The i n s e r t  was attached as shown i n  Fig. 4 such t h a t  i t  was elec- 
t , * i c a l l y  i so la ted  from the r e s t  o f  the s t ruc ture  by a quartz insu la t ing  
tube. The i n s e r t  could be moved a x i a l l y  during cathode operation. 
Three d i f f e r e n t  types o f  inser ts  were used i n  these tests, namely: a 
s ing le  layer,  r o l l e d  tantalum f o i l  inser t ;  a mu1 t i p l e  layer ,  r o l l e d  
tantalum f o i l  i n s e r t  and a s intered tungsten i n s e r t .  I n i t i a l  t es t i ng  
was performed using a s ing le  layer,  r o l l e d  t ln ta lum f o i l  i n s e r t  made 
of 0.025 mm t h i ck  f o i l  (3.75 mm d ia  x 15 mn long).  This t es t i ng  was 
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actual ly  begun using a la rger  cathode body (6.3 mn 0.D. X 4.3 mn I .D.) 
than the one described above, a 0.76 mn diameter o r i f i c e  and the open 
keeper configurat ion shown i n  Figure 5. Further, rad ia t ion shields 
were not  i ns ta l  l ed  on t h i s  quartz body tube. This configurat ion was used 
t o  get a qua1 i ta t i ve  feel f o r  the inser t  temperature d i s t r i bu t i on  and i t  
provided i n i t i a l  measurements o f  i n se r t  emission current. Color s l  ides 
and motion pictures o f  t h i s  cathode were made under various operating 
conditions. These conditions included spot and plume modes o f  operation 
* 
both w i  ti1 the inser t  coated wi th  chemical R-500 emissive mix and wi th  
the inser t  nearly devoid o f  R-500. This cathode was operated a t  a flow 
ra te  of 4 5 0  mA. A s imi la r  s ingle layer i nse r t  (0.025 mn thk. f o i l  X 
1.9 mn dia X 11 mn long) was operated i n  the smaller (2.2 mn I.D.) 
cathode o f  Fig. 3 but  without the enclosed keeper. Temperature measure- 
ments were made on the outside surface o f  t h i s  inser t  a t  f i ve  points along 
the inser t  for discharge currents of 0.5 and 1.0 A and heater powers of 
0 and 14 watts. Measurements were made a t  a flow ra te  o f  -100 mA. 
The second type of i nse r t  tested, a mu1 t i p l e  layer r o l l ed  tantalum 
f o i l  one, was s imi lar  t o  the one o r i g i na l l y  used on the 8 cn thruster. 
The i nse r t  was %1.9 mn i n  diameter by 11.8 mm long and had 7-8 layers o f  
0.0125 mn tantxlum f o i l .  Four small holes extended through a l l  bu t  the 
innermost layer o f  f o i l .  By al igning the holes wi th  the viewing s l o t  as 
shown i n  Fig. 3, the temperature o f  the innermost layer of the inser t  
could be determined using the micro-optical pyrometer. This cathode was 
operated a t  a flow ra te  o f  90 ma. Temperature measurements were made 
f o r  discharge currents o f  0, 0.3, 0.5, and 0.7 A a t  heater powers of 0 
and 21.7 watts. 
* J. T. Baker Chemical Company, Phi l1 ipsburg, New Jersey. 
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The t h i r d  type of i n s e r t  tested was a s in te red tungsten i n s e r t  ! 
f mpregnated w i t h  barium a1 uminate (Semicon type S-84). This i n s e r t  i s  
i den t i ca l  t o  those t h a t  w i l l  be used i n  the 8 cm thrus ter  w i t h  the 
exception o f  the four holes (0.71 mn dia.) d r i l l e d  through one s ide  
wa l l  t o  faci  1 i t a t e  test ing.  Using the m i  cro-opt ica l  pyrometer , tempera- 
t u r e  measurements were made along the outs ide surface o f  t h i s  i nse r t ,  
the i ns ide  surface of the i n s e r t  opposite each of the holes d r i l l e d  
through the i n s e r t  and on the exposed edge o f  the inner r a d i a t i o n  sh ie ld  
s lo t .  Temperature measurements were made a t  discharge currents of 0, 
0.3, 0.5, and 0.7 A f o r  the cases of 0, 20.8, and 40.8 watts o f  heater 
power. The cathode was operated a t  a f low r a t e  o f  % 90 ma. The e f f e c t  
o f  various operat ing parameters on keeper vol tage was a1 so invest igated 
for the s intered tungsten i n s e r t  operat ing a t  the heater powers and flow 
r a t e  noted above. During these tes ts  the i n s e r t - o r i f  i c e  place separation, 
the discharge cur ren t  and keeper cur ren t  were a l l  varied. 
I n  a l l  o f  the above tests, i n s e r t  surface temperatures were measured 
using a micro-opt ical  pyrometer. This method o f  temperature measurement 
i s  inf luenced by both the emiss iv i ty  o f  the rad ia t i ng  surface and the 
t ransmiss iv i ty  o f  the quartz tube and glass b e l l  j a r .  These ef fects were 
accounted f o r  by ca l  i b r a t i n g  the pyrometer against a platinum/plat!num- 
rhodium thermocouple. The cal  i b r a t i o n  was ca r r i ed  ou t  fo r  samples o f  
both tantalum f o i l  and the s intered tungsten i n s e r t  mater ia l .  I n  each 
case the material  sample was spot welded t o  sect ion of swaged heater 
w i re  and the thermocouple was attached t o  the surface o f  the sample. 
This sample/heater assembly was then inser ted i n t o  a quartz tube the 
same s i ze  as the cathode body and the whole appardtus was placed i n  the 
be1 1 j a r .  The surface temperature o f  the sample was then measured a t  
various heater powers using 
pyrometer. A l l  of the resu 
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both the thermocouple and the micro-opt ical  
1 t s  contained i n  t h i s  repo r t  were corrected 
based on the  c a l i b r a t i o n  curves r e s u l t i n g  from these tes ts .  
The o r i f i c e  p l a t e  temperatures i n  a l l  of the tes ts  were measured 
using a platinum/platinum-rhodium t h e m c o u p l  e spot welded t o  the down- 
stream surface o f  the cathode o r i f i c e  p late.  Since the i n s e r t  and the 
o r i f i c e  p l a t e  were e l e c t r i c a l l y  i so la ted  from each other  and from the 
r e s t  o f  the cathode struc,ture i n  a l l  o f  these tests,  i t  was possible t o  
measure the emission cur ren t  f o r  each o f  these components. I n s e r t  and 
o r i f i c e  p la te  emission cur ren t  data were recorded for a l l  of the tes ts  
c i t e d  above. 
The cathode was operated w i th  a keeper cur ren t  o f  0.2 A f o r  most 
of t h i s  test ing.  Exceptions t o  the 0.2 A keeper current  w i l l  be noted 
i n  the t e x t  which follows. 
Results 
Emission Current D i s t r i b u t i o n  
I- the cathodes tested, when operating under normal condit ions, the 
emission current  cont r ibu t ion  from the i n s e r t  ranged from 80 t o  90% o f  
the t o t a l  emission current  (anode plus keeper current) .  The o r i f i c e  
p l a t e  current  o r l y  amounted t o  a small f r ac t i on  of the t o t a l  emission 
current  (G t o  5%). The remainder of the cur ren t  can presumably be 
accounted for as i on  current  t o  in te rna l  cathode surfaces and to  other 
surfaces a t  ground potent ia l  i n  the f a c i l i t y .  The r e l a t i v e  f ract ions 
of the current  from the inser t ,  o r i f i c e  p l a t e  and s t ruc tu re  obtained 
for a given operat ing condi t ion were found t o  be constant and very 
repeatable. I n  general, the percentage of the emission cur ren t  from 
both the o r i f i c e  p l a t e  and the i n s e r t  increased s l i g h t l y  as discharge 
current  o r  heater power was increased. 
The importance o f  the i n s e r t  i n  the emission process was a lso 1 
demonstrated by disconnecting the i n s e r t  from the power supply during 
c a t h ~ d e  operation. This immediately extinguished the discharge. However, 
disconnecting the o r i f i c e  p la te  from the c i r c u i t  showed l i t t l e  effect on 
the discharge outside o f  a s l i g h t  ( less than one v o l t )  increase i n  d is -  
charge vol tqge. When the o r i f  
t o  f l o a t  a t  3 o r  4 vo l t s  above 
o r i f i c e  p l a t e  can be f l oa ted  w 
a f f e c t i n g  cathode operat ion i s  
the f l o a t i n g  o r i f i c e  
because operat ion i n  
the impact energy o f  
Under c e r t a i n  c 
p l a t e  one 
ce p la te  was disconnected, i t  was found 
ground potent ia l .  The fac t  t h a t  the 
t h  respect t o  ground wi thout  s i g n i f i c a n t l y  
considered important. By operating w i t h  
would expect t o  reduce o r i f i c e  erosion 
such a condi t ion would r e s u l t  i n  a marked decrease of 
the impi ng i ng ions . 
rcumstances, i t  was found t h a t  most o f  the emission 
current  could be drawn from the o r i f i c e  p late.  This was f i r s t  observed 
a f t e r  applying a small drop o f  R-500 d i r e c t l y  t o  the upstream s ide  of 
the o r i f i c e  p l a t e  and then i n s t a l l  ing  a new 1-01 l e d  f o i l  i n s e r t  which d i d  
no t  contain any R-500. This cathode was d i f f i c u l t  t o  s t a r t  bu t  when i t  
d i d  s t a r t  i t  ran f o r  a very shor t  t ime i n  a manner s i m i l a r  t o  t h a t  des- 
cr ibed above w i th  most o f  the current  going t o  the i nse r t .  During t h i s  
period the i n s e r t  glowed very red over i t s  e n t i  r e  1 engtk . However, 
a f t e r  a few minutes a l l  o f  the current  sh i f ted  t o  the o r i f i c e  p late,  and 
the i n s e r t  stopped glowing and could be moved away from the o r i f i c e  
p la te  o r  disconnected wi thout  affect ing cathode operation. The s h i f t  o f  
the emission s i t e  was probably due t o  e i t h e r  the deplet ion of the small 
amount o f  R-500 which had migrated t o  the i n s e r t  during warn up o r  t o  
the a c t i v i a t i o n  of the fresh R-500 on the o r i f i c e  p l a t e  as a r e s u l t  o f  
hlgh temperatures achieved during the f i r s t  few minutes o f  operation. 
The l a t t e r  i s  considered mwe 1 i ke l y .  A f te r  operat ing i n  t h i s  mode f o r  
a few minutes, the cur ren t  gradual ly s h i f t e d  back t o  the inser t ,  s tab i -  
1 i zing a t  approximately the i nsert - to-or i  f i c e  p l a t e  cur ren t  r a t i o  found 
fur normal operation. This appeared t o  be the preferred operat ing mode 
as the discharge rel~lained i n  t h i s  conf igura t ion  f o r  the remainder o f  the 
test .  S imi la r  operat ion w i  t h  most o f  the cur ren t  going t o  the o r i f i c e  
p l a t e  was observed a t  other times i n  the tes t i ng  bu t  was always associated 
w i th  s ta r tup  a f te r  i n s t a l l a t i o n  o f  a new i n s e r t  o r  add i t i on  o f  R-500 t o  
the o r i f i c e  p late.  I n  a1 1 cases, a f te r  a few minutes of operation, the 
emission would s h i f t  t o  the i n s e r t  i n  whzt i s  considered t o  be the normal 
condi t ion of operation. 
Another type of quartz cathode was a lso tested. This i s  shown i n  
Fig. 6. This cathode d i d  no t  have a metal o r i f i c e  p l a t e  bu t  had an 
o r i f i c e  formed by heat ing the quartz u n t i l  the end shrunk inward t o  g ive 
the desired o r i f i c e  s ize.  The channel formed i n  t h i s  manner had the 
shape i l l u s t r a t e d  i n  Fig. 6 w i th  a minimum diameter o f  0.76 mm. 
This a1 1-quartz cathode s ta r ted  eas i l y .  During the i n i t i a l  operat ing 
period i t  ran i n  a s tab le  manner a t  condit ions ind is t ingu ishab le  from the 
cathode w i t h  the metal o r i f i c e  p la te  which i t  replaced. During t h i s  i n i -  
t i a l  period, the cathode was operated over a wide range o f  condit ions and 
was s tar ted  and stopped a number of times. Both plume and spot modes o f  
operat ion were observed. The cathode operated eas i l y  a t  discharge cur- 
rents i n  the range o f  5 t o  10 A, a1 though operat ion a t  discharge currents 
above 5 A was l i m i t e d  t o  b r i e f  periods (10 sec. o r  less)  f o r  fear  o f  
damaging the o r i f i c e .  A t  h igh currents the quartz o r i f i c e  tended t o  
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enlarge reaching a maximum sf $1.0 mn a f t e r  which the s i z e  remained 
approximately constant. During subsequent operat ion f t was found t h a t  
t h i s  cathode was d i f f i c u l t  t o  s t a r t ,  t h a t  i t  required ra the r  h igh flow 
rates (150-250 mA) t o  operate, and t h a t  i t  operated a t  f a i r l y  high 
discharge voltages (22-28 v.). A1 though a speci f ic  cause for  t h i s  
change i n  operat ing condit ions was never p o s i t i v e l y  ident i f ied ,  the 
evidence suggested t h a t  the abnormal operat ion was due t o  mercury vapor 
leakage from the p o i n t  between the quartz tube and the mounting st ructure.  
These experiments i nd i ca te  t h a t  the hol low cathode w i l l  operate i n  
a normal manner w i t h  e lec t ron  emission from the i n s e r t  alone. I n  fact, 
though the o r i f i c e  and o r i f i c e  p l a t e  may enter  i n t o  the emission process 
to  some extent, the i n s e r t  appears t o  be the preferred emission s i t e .  
The combined i o n  f l u x  t o  the i n s e r t  and e lec t ron  emission f r o m  the i n -  
s e r t  accounts f o r  niore t h m  80% o f  the discharge current.  The successful 
operat ion o f  the cathode w i t h  the quartz o r i f i c e  ind icates t h a t  the main 
funct ions o f  the o r i f i c e  appear t o  be as a flow r e s t r i c t i o n  t o  maintain 
a high neutra l  density i ns ide  the cathode and as a current  path t o  the 
downstream discharge. 
I nse r t  Temperatures . 
The i n i t i a l  operat ion o f  the quartz tube cathode using the l a rge r  
(4.3 mn I.D.) quartz tube w i t h  a 3.75 mm d ia  s ing le  layer,  f o i l  i n s e r t  (Fig. 5) 
provided a tiumber o f  i n te res t i ng  q u a l i t a t i v e  resu l t s  worth describing. 
Since the i n s e r t  was a s ing le  l aye r  01' 0.025 mn f o i l ,  the r e l a t i v e  
emission a c t i v i  ;y o f  a p a r t i c u l a r  avea ins ide  the i n s e r t  could be e s t i -  
mated on the basis o f  the l oca l  temperature of the f o i l  as ind icated 
by i t s  co lor .  When t h i s  cathode was operated a t  low currents w i t h  
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s u f f i c i e n t  R-500 present, the i n s e r t  had a glowing orange band located 
near i t s  midpoint. As the cur ren t  was increased t h i s  glowing region 
extended downstream a1 ong the i n s e r t  u n t i  1 the e n t i  r e  downstream po r t i on  
i 1 
o f  the i n s e r t  was glowing uniformly. When the discharge changed t o  the 
spot mode, the ho t tes t  region sh i f ted  t o  the downstream edge o f  the i n -  
s e r t  which radiated intensely. The temperature was observed t o  decrease 
monotonically toward the upstream end of the i nse r t .  When the cathode 
, I was operated w i t h  an i n s e r t  t ha t  was nearly depleted o f  R-500, the ho t  
spot associated w i th  the emission region would migrate r,ndomly along 
the surface o f  the inser t .  This migrat ion was most rap id  a t  low currents 
imnediately a f te r  the cathode had been operated a t  ra ther  high currents 
( ' ~ 5  A)  and was apparently re la ted  t o  the discharge seeking the most 
advantageous surface condit ions for  emission. I n  a l l  csses, wht,. the 
discharge sh i f ted  t o  the spot m~de, the ho t tes t  region immediately 
s h i f t e d  t o  the downstream edge of the i nse r t .  The randomly migrat:ng 
emission s p ~ t  observed i n  these tests, again stresses the importance o f  
surface work funct ion on the emission process. The l oca l i zed  heat ing 
which was observed w i th  the tantalum f o i l  inser ts  adds support t o  e a r l i e r  
contentions tha t  the predominant cathode mechanism i s  thermionic emission 
enhanced substant ia l l y  by the high f i e lds  which e x i s t  because o f  the ex- 
tremely dense, h igh ly  conductive plasma tha t  i s  present. [41 
The phenomena described above were filmed using Ektachrome Super 8 
motion p i c tu re  f i l m  and Ektachrome High Speed 35 mm s l i d e  f i l m .  The 
f i l m  was edi ted t o  a three minute sequence showing the e f fec ts  o f  mode 
t r a n s i t i o n  and the moving i n s e r t  spoc associated w i t h  deplet ion o f  R-500. 
A 16 rtun copy o f  the motion p i c tu re  and accompanying descr ip t ion  are 
avai 1 able f o r  viewing upon request. 
I n s e r t  temperature p r o f i l e s  are shown i n  Figs. 7 through 13 f o r  
the 2.2 mn I .D. (Fig. 3)  cathode using the three d i f fe ren t  types of 
inser ts :  namely, the s ing le  layer,  r o l l e d  tantalum f o i l  ; the m u l t i p l e  
layer,  r o l l e d  tantalum f o i l  ; and the s intered tungsten inser ts .  A l l  
of the f i g w e s  show the i n s e r t  temperature as a func t ion  o f  ax ia l  
pos i t i on  along the i n s e r t  measured from the o r i f i c e  p late.  I n  addi- 
t ion ,  the o r i f i c e  p l a t e  temperatures are indicated on an ad jo in ing  ax ls  
t o  the l e f t  o f  the f i g u r e  and operat ing condit ions are shown i n  tabular  
form using the fo l low ing symbols: ID (discharge current) ,  IK (keeper 
current) ,  II ( i n s e r t  current) ,  I. ( o r i f  i c e  p l a t e  current) ,  VD (discharge 
vol tage ), and V K  (keeper vol tage) . 
Figures 7 and 8 are f o r  the s ing le  l aye r  tantalum f o i l  i n s e r t  
operating a t  heater powers o f  0 and 14 watts respect ive ly .  Figures 9 
and 10 show the temperatures o f  the inner. l aye r  o f  f o i l  f o r  the mil t i p l e  
layer  tm ta lum f o i l  i n s e r t  operating a t  heater powers o f  0 and 21.7 
watts respect ively.  For the s intered tungsten i n s e r t  an attempt was 
made t o  measure temperatures on the i ns ide  o f  the i n s e r t  by s igh t ing  
through the holes d r i l l e d  through the i n s e r t  along one side. I t  was 
found t h a t  the presence o f  the plasma rad ia t i on  made these i n te rna l  sur- 
face measurements unrel  i a b l  e. However, based on the conduct iv i ty  o f  the 
i n s e r t  mater ial  and on obser*dations made by viewing  he i n s e r t  as the 
discharge was turned o f f ,  i t  was estimated t h a t  the temperature d i f fe rence 
between the inner  and outer  surfaces o f  the i n s e r t  was less than 25OC. 
Figures 11, 12, and 13, therefore, show the temperatures measured on the 
outer surface o f  the s intered tungsten i n s e r t  operat ing a t  heater powers 
o f  0, 20.8, and 40.8 watts respect ive ly .  
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There are s i g n i f i c a n t  d i f ferences i n  the temperature p r o f i l e s  for  
the three types of inser ts .  The s ing le  l aye r  f o i l  i n s e r t  show; the 
h ighest  temperature a t  a p o i n t  3 o r  4 mn upstream o f  the end o f  the 
inser t .  This i s  d i f f e r e r t  than e i t h e r  the mu1 t i p i e  l a y e r  f o i l  i n s e r t  
o r  the sfntered tungsten i n s e r t  both of which had a maximum temperature 
a t  o r  near the downstream end o f  the inser t .  This observation o f  the 
s ing le  f o i l  i n s e r t  i s  a lso  i n  c o n f l i c t  w i t h  q u a l i t a t i v e  v isual  observa- 
t ions  of the s ing le  l aye r  f o i l  i n s e r t  i n  the 4.3 mn I.D. cathode which 
suggested the maximum temperature ex is ted a t  the downstream end o f  the 
i n s e r t  except i n  the plume mde. The ma jo r i t y  of the data suggests t h a t  
under no~mal operat ing condit ions the maximum i n s e r t  temperature occurs 
on the downstream end o f  the i nse r t .  This agrees w i t h  ea r l  i e r  resu l t s  [41 
based on Langmuir probe data tha t  showed the maximum plasma po ten t i a l  
and plasma densi t ies t o  a lso occur adjacent t o  the downstream end o f  the 
i nse r t .  Since heating o f  the emission s i t e  resu l t s  presumably from 
energy t ransferred t o  the i n s e r t  by ions impacting the surface a f t e r  
f a l l i n g  through the po tent ia l  drop associated w i th  the l oca l  shsath, 
the high plasma density OH the downstream end o f  the i n s s r t  would be 
expected t o  cause the maximum temperature t o  occur a t  t ha t  p o s i t i o n  also. 
The case where the maximum i n s e r t  temperature was upstrsam of the end o f  
the i n s e r t  was found only  w i t h  the s ing le  layer ,  f o i l  i n s e r t  and was 
 roba ably due t o  t h i s  ho t  area having the lowest surface work funct ion.  
This could be because t h i s  was the region where R-500 was i ~ i t i a l l y  
appl ied o r  because evaporation o r  migrat ion took place i n  such a way 
t h a t  these regions developed the lowest work funct ion. On the other  
hand, the mu l t i p le  layer ,  f o i l  i n s e r t  repler ishes R-500 only  from the 
ends where i t  can evaporate from between the f o i l  layers and would 
presumably have a considerably lower work- function on each end, so the 
emission would be e.:pected to  be greatest on the upstream end. The 
sintered tungsten inser t  has a larger  thermal mass and bet ter  thermal 
conductivi ty than the two f o i l  inserts. I t  would therefore be expected 
to exh ib i t  less severe temperature gradients and t o  have the low work 
function material evolve f a i r l y  uniformly from a1 1 surfaces. These 
observations agree a t  l e a  t qua1 i t a t i ve l y  wi th the temperature p ro f i  1 es 
for the three types of inserts. 
T!,e s ingle layer tantalum f o i l  i nser t  was invest iqat~c!  mainly be- 
cwse  o f  the ease of taking temperature measurements a t  any po in t  along 
i t s  sur fme and because i t  l e n t  i t s e l f  t o  qua l i ta t i ve  invest igat ion o f  
ef fects such as the moving spot associated wi th  6 lack o f  R-500. This 
i nse r t  has no apparent pract ical  application, so the res t  o f  the discus- 
sion w i l l  center around the resul ts of the mul t ip le  layer, r o l l ed  
tantal  um f o i  1 inser t  and s i  ntered tungsten insert .  
A comparison of the mu1 t i p l e  layer, r o l l ed  f o i l  and sintered inserts 
can begin wi th a discussion o f  the obvious differences between the shapes 
o f  the pro f i les .  Figures 9 and 10 show tha t  the mu1 t i p l e  layer r c l l e d  
tantal um f o i l  i nser t  sustains much steeper ax ia l  temperature gradients 
than does the sintered tungsten inser t  (Figs. 11, 12, '13). The maximum 
inser t  temperature f ~ r  both types o f  i nser t  i s  found a t  or  near the down- 
straam end o f  the insert .  However, the increase i n  temperature, effected 
by an increase i n  discharge current, i s  greater wi th the r o l l e d  f o i l  in-  
se r t  than i t  i s  wi th  the sintered insert .  This i s  made par t i cu la r l y  
obvious i n  Figs. 14 and 15 which show the maximum inse r t  temperature 
plot ted against the discharge current f o r  a number o f  heater powers f o r  
:he ro l l ed  f o i l  and sf ntered inserts respectively. The data i c  Figs. 14 
s 
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FIGURE 15. MAXIMUM SINTERED TUNGSTEN INSERT TEMPERATURE 
VS. DISCHARGE CURRENT 
and 15 for  the d i f fe ren t  heater powers can be f i t  reasonably we l l  by 
s t r a i g h t  l i n e s  and these l i n e s  are approximately p a r a l l e l  f o r  each i n -  
ser t .  This ind icates t h a t  the e f f e c t  o f  discharge cur ren t  on the 
maximum i n s e r t  temperature i s  essen t i a l l y  independent of the heater 
power. This change i n  temperature w i t h  discharge cur ren t  i s  much greater  
f o r  the r o l l e d  f o i l  i n s e r t  than w i th  the s intered inser t .  The r o l l e d  
f o i l  i n s e r t  sees a change i n  the maximum i n s e r t  temperature of %31!i°C 
for  each ampere change i n  discharge current  (Fig. l 4 ) ,  wh i le  the data 
i n  Fig. 15 fo r  the s intered i n s e r t  shows a slope of only  %131°C/A. Eoth 
the steeper ax ia l  temperature gradient  and the greater  s e n s i t i v i t y  t o  
discharge current  seen w i t h  the r o l l e d  f o i l  i n s e r t  can be explained 
qua1 i t a t i v e l y  by i t s  lower e f f e c t i v e  thermal conduct iv i ty .  Most o f  the 
energy input  t o  both inser ts  apparently occurs on the inner surface a t  
t h e i r  downstream end where most of the emission a c t i v i t y  i s  a1 so pre- 
sumably tak ing place and where the plasma densi t ies are the highest. 
The thermal conductance fo r  the r o l l e d  f o i l  i n s e r t  i s  r e l a t i v e l y  low i n  
e i t he r  the ax ia l  o r  the rad ia l  d i rec t i on  when compared t o  corresponding 
conductances f o r  the s i c te red  tungsten i tiser t. I n  the ax ia l  d i r e c t i o n  
the energy conducted away from the downstream end o f  the r o l l e d  f o i l  i n -  
s e r t  i s  small because the f o i l  i s ' s o  t h i n  (0.0125 mn). I n  the rad ia l  
d i r e c t i o n  the energy conduction i s  a lso small because of the poor thermal 
contact between the layers o f  the inser t .  The two major modes o f  energy 
removal from inse r t s  are therofore rad ian t  exchange between the outer  
surface o f  the i n s e r t  and the cathode body ( i n  t h i s  case the inner radia- 
t i o n  sh ie ld  of Fig. 3)  and c o n d u c t i x  through the p i g t a i l  on the upstream 
end ~f the inser t .  Because the s intered i n s e r t  conducts energy more 
read i l y  i n  both the r a d i a l  and ax ia l  d i rect ions,  the observation tha t  
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1 / i t  i s  no t  as s t rong ly  influenced by increases i n  discharge cur ren t  as .. 
i 
i s  the r o l l e d  f o i l  inser t ,  i s  reasonable. On the other  hand, the 
I 
energy i npu t  t o  the t i p  o f  the r o l l e d  f o i l  i n s e r t  i s  no t  read i l y  con- 4 
! 
. . 
! 
ducted away i n  the ax ia l  d i r e c t i o n  and i s  e f fec t i ve l y  sh ie 
' I  
d i ss ipa t i on  i n  the rad ia l  d i r e c t i o n  by i t s  outer  layers wh 
e f fec t ive ly  as rad ja t i on  shie lds . 
1de4 from 
1 
i c h  a c t  .: 
3 
Keeper Voltages f o r  Sintered Tungsten Inser ts  
Tne recent change t o  the s intered tungsten type of i n s e r t  fo r  use 
i n  the 8 cm tht .4 te r  resu l ted  i n  a somewhat high keeper voltage. A 
reduct ion i n  the keeper voltage was considered desirable, so the e f f e c t  
o f  changes i n  a number o f  parameters on keeper vol tage were i wes t i g a  ted. 
Figure 16 shows the keeper voltage as a funct ion o f  the separation be- 
tween the o r i f i c e  p l a t e  and the downstream end o f  the i n s e r t  f o r  a 
discharge current  ID = 0.5 A and a keeper currett t  l K  = 0.2 A and f o r  
three d i f f e r e n t  heater powers (PC,,). The minimum keeper voltage occurs 
when the i n s e r t  i s  near bu t  not  touching the o r i f i c e  p late.  The reason 
f o r  the s l  i g h t  keeper voltage decrease o f  s 0.5 v w i th  the i n s e r t  i n  
t h i s  pos i t i on  may be associated w i th  the add i t iona l  surface area of the 
i n s e r t  t h a t  i s  uncovered as the i n s e r t  i s  moved out  o f  contact w i th  the 
o r i f i c e  p late.  The Debye length i s  estimated t o  be extremely small 
(43 x cm) i n  t h i s  region so tha t  a small r e t r a c t i o n  of the i n s e r t  
could conceivably expose the end surface o f  the i n s e r t  t o  the plasma 
making t h a t  region ava i lab le  f o r  emission. The maximum i n s e r t  tempera- 
tures showed a very s l i g h t  (45OC) decrease as the i n s e r t  was moved t o  
the pos i t i on  where the keeper vol tage was a minimum. Further upstream 
motion of the i n s e r t  d i d  not  affect the i n s e r t  temperature subs tan t i a l l y  
m 
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FIGURE 17. KEEPER VOLTAGE VS. DISCHARGE CURRENT 
(SINTERED TUNGSTEN INSERT) 
u n t i l  the i n s e r t  was a few mi l l imeters  upstream. A t  t h i s  p o i n t  the 1 
dnsert temperatures began t o  climb. It was a lso i n t e r e s t i n g  t o  note 
tha t  the o r i f i c e  p l a t e  temperature dropped by about 4 5 O C  as the i n s e r t  
was pu l led  away from the o r i f i c e  place and the keeper voltage dropped 
t o  i t s  minimum. It i s  be1 ieved tha t  t h i s  temperature drop occurred as 
a r e s u l t  o f  reduced heat t rans fer  from the i n s e r t  t o  the o r i f i c e  p late.  
Figure 17 ill ustrntes the e f fec t  o f  discharge cur ren t  on keeper 
voltage a t  a constzint keeper current  of 0.2 A fo r  three heater powers. i 
The keeper vol taqe i s  observed t o  decrease subs tan t i a l l y  as the discharge 
current  i s  increased. 
Figure 18 shows the keeper voltage as a funct ion o f  keeper current  
a t  a discharge cur ren t  o f  0.5 A f o r  three heater powers. This f i g u r e  
suggests what appears t o  be an a t t r a c t i v e  method f o r  reducing keeper 
vol tage. The keeper vol tage a t  the nominal operating conduction 
(I,, = 0.5 A; IK = 0.2 A, PC, = 0 )  i s  17.5 v. By running w i t h  a heater 
power of 40 w, i t  i s  possible t o  reduce t h i s  by 4 vo l t s  t o  13.5 v. This 
would have an add i t iona l  b e n e f i t  i n  ra i s ing  the maximum i n s e r t  tempera- 
t u re  t o  %lO1O°C (Fig. 19) where the t e s t  cathode data suggest the cathode 
operates very s tably .  Coup1 ing t h i s  heater power increase w i th  a re- 
duct ion i n  keeper current  would r e s u l t  i n  a fu r the r  reduct ion i n  keeper 
voltage without the loss i n  keeper discharge s t a b i l  i t y  which o r d i n a r i l y  
accompanies a reduct ion i n  keeper current.  Figure 19 shows tha t  de- 
creasing the keeper cur ren t  t o  0.1 A f o r  a heater power o f  Q 40 w causes 
an addi t ional  one v o l t  decrease i n  keeper voltage t o  V K  = Q 12.5 v. 
Figure 19 shows the e f fec t  o f  keeper cur ren t  on maximum i n s e r t  tempera- 
ti;: f o r  the cathode operat ing a t  0.5 A discharge current .  For operat ion 
a t  a keeper current  of 0.1 A and w i th  a heater power o f  % 40 w the maxi- 
mum i n s e r t  temperature i s  % 5000°C. 
KEEPER CURRENT (amps) 
FIGURE 18. KEEPER VOLTAGE VS. KEEPER CURRENT 
(SINTERED TUNGSTEN INSERT) 
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FIGURE 19. MAXIMUM SINTERED TUNGSTEN INSERT 
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I Appl i c a t i o n  of Resul t s  t o  C I Y  Cathode 
The thermal conf igurat ion o f  the cathode-heater assembly used i n  
these tes ts  i s  q u i t e  d i f fe ren t  from t h a t  o f  an actual C I V  cathode a 
assembly. I n  order t o  u t i l i z e  the t e s t  resu l t s  presented here d i r e c t l y ,  i 2 
some parameter commor, t o  the two cathodes needs t o  be defined. A i 
reasonable choice fo r  t h i s  parameter i s  the tempe:.-ture o f  the surface 
w i th  which the i n s e r t  undergoes r a d i a t i v e  heat exchar~ge, t h a t  i s  the 
inner rad ia t i on  bh ie ld  i n  the case of the t e s t  cathode and the cathode 
body tube i n  the case of the C I V  cathode. This i s  considered a reason- 
able choice because the major mode o f  heat exchange between the i n s e r t  
and these surfaces should be rad ia t ive .  Figure 20 shows the temperature 
near the downstream edge o f  the inner  sh ie l  J as a func t ion  o f  e l e c t r i c a l  
heater power for  the case where there i s  no discharge i n  the quartz 
body t e s t  cathode. This f i g u r e  can be used t o  provide a t i e  b2heen an 
actual C I V  cathode and the t e s t  cathode i n  the fol lowing way. F i r s t ,  
the cathode t i p  temperature would be measured i n  a C I V  cathode a t  the 
heater power being considered b u t  w i  t h  no discharge. This temperature should 
be about equal t o  the corresponding cathode body temperature f o r  the 
C I V  cathode. It would then be used t o  snter  Figure 20 t o  determine the 
heater power required i n  the t e s t  cathode t o  produce t h i s  same tem~era-  
t u re  a t  the r nner rad ia t i on  shield. Once the t e s t  cathode heater power i s  
known, i t  can be used along w i t h  discharge and keeper currents t o  enter 
Figures 11 t o  13 and 19 t o  determine the i n s e r t  temperature p r o f i l e  
t h a t  should preva i l  i n  the actual C I V  cathode under corresponding con- 
d i  tim. A1 though t h i s  technique i s  crude, i t  should provide a reason- 
able estimate of i n s e r t  temperatures i n  other  cathodes employi ng t h i s  
same inse r t .  As an example o f  the app l ica t ion  o f  t h i s  procedure assume 
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the t i p  temperature f o r  the C I V  cathode w i thou t  a discharge i s  975OC 
f o r  a heater power a f  10 wzt ts .  F igure 20 shows t h a t  a 975OC sh ie  \ d  
temperature co r respo~ds  t o  a heater  power o f  30 w i n  the  quar tz  
body t e s t  cathode. The r e s u l t s  f o r  t he  t e s t  cathode shown i n  the 
e a r l i e r  f i gu res  can now be entered a t  a 30 wa t t  ?eater power t o  l e -  
termine i n s e r t  tempe~ature.  For example, us ing F ig.  i 5 and i nterpo l  a t i  ng 
between curves f o r  a heater  power o f  30 w,one sees the  maxfmum i n s e r t  
temperature i n  the C I V  cathode a t  a 10 wa t t  heater  powa should be 
Q 1000°C a t  a discharge cu r ren t  o f  0.5 A and a keeper cu r ren t  of 0.2 A. 
Although est imat ing keeper vo l tage reduc t io r~s  i n  a C I V  c a t b a t .  7;-om 
these data i s  open t o  considerable quest ion, F ig .  18 does suggest t h a t  
f o r  these same discharge condi t ions (I,, = 0.5 A, iK = 0.2 A) inc reas ing  
C I V  heater  power from zero t o  10 wat ts  (zero t o  3 wat ts  ' n  the t e s t  
cathode) might reduce keeper v ~ l  tage by 2.75 v o l t s .  
E f f e c t  of Excessive I n s e r t  Tempera tu rcs  
During the course o f  the s i n l e red  i n s e r t  tes ts ,  the cathode was 
operated ai. a heater power o f  65-70 w. Operation a t  thi: h igh  heater  
power showed t h a t  excessive temperatures can cause a rap id  b u t  r eve rs i  b i e  
degradation o f  cathode performance. With the cathode operat ing a t  a d i s -  
charge cu r ren t  o f  0.5 A (IK = 0.2A), the  heater power was increased t o  
65-70 w.  Though the cathode temperatures were n o t  being measured a t  
t h i s  time, the  s h i e l d  temperature was probably on the o rder  of 1300°C 
and the i n s e r t  temperature i n  excess o f  11 50°C. A f t e r  a few minutes a t  
these condit ions, the keep2r and discharge vol tages s t a r t e d  t o  i n c r e s a  
s u b s t a n t i ~ l l y .  The physical  reason f o r  t h i s  i s  not apparent. The 
heater power was immediately c u t  back t o  20 w b u t  the vul tages remained 
high (VD = 25 v; VK = 20 v).  Cathode operat ion was continued a t  a 
heater power of 20 w, and the voltages gradual ly returned t o  normal 
a f te r  about 14 hours. One possible explanation o f  t h i s  phenomenon 
might be t h a t  the high i n s e r t  tem~era ture  somehow resu l ted  i n  surface 
deplet ion of barium causing the high operat ing vol tagLs. The surface 
was then recondit ioned by migrat ion o f  mater ia l  from w i t h i n  the i n s e r t  
a f t e r  the temperature was reduced back t o  normal i e v e l s ,  Addit ional 
tes ts  which v e r i f y  t h i s  observation and provide some physical explana- 
t i o n  are considered desirable. 
Conclusions 
I n  the normal operating condi t ion 23 t o  90% o f  the emission current  
from a hollow cathode comes from the i nse r t .  The hollow cathode w i ? l  
ope) a te  i n  a normal manner w i th  e lect ron emission from the i n s e r t  alone. 
The main funct ions o f  the o r i f i c e  appear t o  be as a f low r e s t r i c t i o n  t o  
maintain a high neutral  density ins ide  the cathode and as a current  path 
t o  the down$lrean discharge. 
The maximum i n s e r t  temperature general l y  occurs a t  the downstream 
end o f  the i n s e r t  ; and i t s  r a t e  o f  increase w i  t h  increasing dischasse 
current  i s  essent ial  l y  i ndependent of heater power. This r a t e  amounted 
to  % 31 !iOZ/A f o r  the r o l l e d  tan ta l  urn f o i l  i n s e r t  and % 1 3 7 O C / A  f o r  the 
s intered tungsten inser t .  The loca l  surface work func t ion  i s  apparently 
important i n  determining the 1o:ation r,f the emission and thereby i n -  
fluences the i n s e r t  temperature pro f i le .  When insu f f i c i en t  low work 
funct ion material  i s  present the i n s e r t  can develop l oca l  ho t  spots 
which migrate randomly across i t s  surface. Excessive cathode heater 
powers can r e s u l t  i n  a substant ia l  r i s e  i v  both discharge and keeper 
voltages fdr  s intered tungsten inser ts .  This e f f e c t  i s  a t  l e a s t  
p a r t i a l l y  revers ib le  when cathode heater powers are  returned t o  normal 
1 eve1 s . 
Keeper voltage fo r  the s intered i n s e r t  could be decreased by i n -  
creasing the heater power and decreasing the keeper current  i n  a manner 
t h a t  should r e s u l t  i n  s table discharge condi t ion w i th  lower keeper 
vol tagas and reasonab l e (2, 1000°C) i nsert  temperatures . Know1 edge of 
the C I V  cathode body tmpera ture  as a function of heater power when 
there i s  no discbarge i s  proposed as a l i n k  t o  the resu l ts  of a t e s t  
cathode, which has a d i f f e r e ~ t  thermal conf igurat ion than the C I V  
cathode. 
SCREEN HOLE PL W 
SHEATH INVESTIGATION 
Graeme Aston 
The physical charac ter is t i cs  o f  the  plasma sheath t h a t  surrounds 
the screen holes o f  an i o n  accelerator system are not  wel l  understood. 
Knowledge o f  how the screen hole plasma sheath varies i n  pos i t i on  and 
shape as a r e s u l t  o f  plasma density ( i  .e., beam current)  and g r i d  
geometry var iat ions i s  important. These physical charac ter is t i cs  o f  
the screen hole p l a s m  sheath a f t e c t  d i r e c t l y  such things as the 
divergence c f  the beam ions ejected frm the decelerator syctem, d i r e c t  
i o n  impingement upon the accelerator g r i d  w i t h  i t s  associated erosion, 
i on  bombardment and erosion o f  the screen gr id,  and the magnitude of 
the i o n  current  which can be extracted from the plasma. Some theore t ica l  
and experimental work has been done on determining the physical charac- 
t e r i s t i c s  o f  the screen hole sheath. [ 5 y 6 1  However, the ava i lsb le  i nfor-  
mation i s  sketchy, l i m i t e d  t o  a couple of idea l ized cases and of l i t t l e  
use i n  f a c i l i t a t i n g  a general understanding of the sheath phenomena. 
Therefore, i t  was f e l t  t h a t  a thorough experimental inves t iga t ion  of 
the screen hole plasma sheath was necessary. This repor t  deals b r i e f l y  
w i th  some o f  the important aspects o f  t h i s  inves t iga t ion  and presents 
some o f  the pre l  irninary resu l ts  tha t  have been obtaine?, w i th  comments 
on possible fu r the r  work. 
I n  order t o  make accurate measurements o f  the physical character- 
i s t i c s  o f  the screen hole plasma sheath ( i  .e . ,  posi t ion, shape and 
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s t ruc ture)  , i t  was necessary t o  use a 1 arge accelerator  sys tem so 
adequate spa t i a l  reso lu t i on  could be achieved and so the probe would 
no t  perturb the plasma s ign i f i can t l y .  This was done by increasing the 
screen hole diameter from a value o f  2.06 m, which i s  t yp i ca l  o f  i o n  
th rus ter  accelerator systems, t o  a diameter o f  12.7 nm. The o ther  
geometrical parameters Mere a lso scaied d i r e c t l y  by the r a t i o  o f  these 
two dismeters so geometric s i m i l a r i t y  was maintained. It was important 
t o  determine whether the maximum normalized perveance per ho le  and i o n  
beam divergence charac ter is t i cs  o f  such l a rge  apertures were any d i f f e ren t  
from those of th2 smal ler ones t yp i ca l  o f  most i o n  thrusters. 
Figure 21 shows the e f fec t  o f  screen hole l i a m t e r  c q  the maximum 
normal izec! perveance per hole value f o r  g r i d  sets having s i m i l a r  non- 
dimensional i zed geometric parameters. The symbols used i n  Figure 21 
are t o t a l  accelerat ing vol  tage (VT) , discharge voltage (V,,) , net - to - to ta l  
accelerat ing voltage r a t i o  (R), g r i d  separation distance (% ), screen 9 
g r i d  hole diaineter (dS), accelerator g r i d  hole diameter ( d a ) ,  screen 
g r i d  thickness ( t S )  and accelerator g r i d  thickness ( t a b  The non- 
dimensionalized g r i d  s e t  parameters shown i n  Fig. 21 are s i m i l a r  t o  
those of the SHAG accelerator system, which i s  present ly used i n  most 
i o n  thrusters. From Fig. 21 i t  can be seen tha t  there i s  l i t t l e  e f f e c t  
on the maximum normalized prrveance per hole as the screen hoie diameter 
i s  increased above about 2.0 mn. There i s  a p n o u n c e d  e f fec t  though 
when the scrzen hole diameter i s  reduced below 2.0 mn. However, t h i s  
e f fec t  i n  the region below 2.0 mn has been reported p r e v i o u s l y ~ 7 3  and 
,, -- ASSUMED 
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present ly does not  appear t o  represent a region o f  i n t e r e s t  f o r  i o n  
I 
J 
th rus ter  accelerator sys tems present ly.  Ion beam divergence data were 
a lso obtained fo r  the l a rge r  g r i d  sets shown i n  Fig. 21 (dS = 6.35 
and 12.7 mn); these divergence charac ter is t i cs  were i n  close agreement 
w i t h  those already shown td  be s i m i l a r  f o r  the three smal ler g r i d  sets 
(ds = 2.06, 1.5 and 1.00 mm). So i n  sunmary, sca l ing  up g r i d  systems 
from 2 m d i a  screen g r i d  apertures t o  l a rge r  sizes does no t  appear t o  
a f f e c t  the maximum normalized perveance per hole o r  i o n  bearn divergence 
charac ter is t i cs  so long as s i m i l a r  non-dimensionalized g r i d  parameters 
are maintained. This r e s u l t  g rea t l y  extends the range o f  useful lness 
f o r  the i o n  beam divergence dath pub1 ished previously.  1781 
Sheath Prohi ng Technique 
- 
Figure 22 i ' i l us t ra tes  the basic screen hole sheath probing technique 
t h a t  w i l l  be used i n  studying screen g r i d  sheath mvemert. B f e f l y ,  the 
probe (Fig. 22a) consists of a tantalum electrode o f  which a l l  bu t  the 
end has been encased i n  quartz tubing. The tantalum probe end, which 
i s  exposed t o  the i o n  source discharge chamber plasma, i s  a 0.70 mn 
diameter b a l l  formed by s t r i k i n q  an arc t o  the w i re  t i p  w i t h  a he l i -a rc  
welder. Figure 22(b) shows the probe posit ioned w i t h i n  the i o n  source. 
The i o n  source faf;;icated f o r  t h i s  study had a m i l d l y  divergent magnetic 
f i e l d  and a c y l i n d r i c a l  anode 8-cm i n  diameter. As seen i n  Fig. 22(b), 
the probe i s  connected t o  the anode through a var iable r e s i s t c r .  
The probing technique consists o f  f i r s t  a l i gn ing  the probe a t  some 
po in t  e f  i n t e r e s t  on the centra l  hole o f  the seven hole accelerator  
system (Fig. 22!c)). The probe i s  then moved back deep w i t h i n  the d is -  
charge plasma and the p1 asma density i s  var ied u n t i l  the desired beam 
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FIGURE 22 .  SCREEN GRID PLASMA PROBING STUDY 
cur ren t  (and hence, screen hole sheath pos i t i on  o f  i n t e r e s t )  has been 
reached. The var iab le  r e s i s t o r  i s  then adjusted u n t i l  a po ten t i a l  d i f -  
ference of one v o l t  i s  detected across i t  by a h igh impedance voltmeter. 
The r e s i s t o r  i s  then l e f t  untouched as the probe i s  moved i n t o  the sheath. 
Since the sheath represents a region of rap id  drop o f f  i n  e lec t ron  
density, i t  follows t h a t  as the probe enters the sheath region the 
e lec t ron  current  t o  the probe w i l l  begin t o  f a l l  o f f .  This w i l l  r e f l e c t  
i t s e l f  as a decrease i n  the vol tage drop across the var iab le  res i s to r .  
As a r e s u l t  of moving the probe from deep w i t h i n  the discharge plasma, 
through the centra l  screen hole sheath and on i n t o  the i o n  accelerat ion 
region, one obtains a probe cur ren t  versus probe pos i t i on  t race s i m i l a r  
t o  the one shown i n  Fig. 22(d). Since the var iab le  r e s i s t o r  i s  not  
a1 tered once a peak signal vol  tage of one v o l t  has been obtained, re-  
ductions i n  t h i s  vol tage caused by moving the probe i n t o  the sheath are 
proport ional t o  reductions i n  e l  ectron current  reaching the probe. Hence, 
the designation o f  nomar ized ne t  probe current  shown i n  Fig. 22(d). This 
quant i ty  i s  negative t~ r e f l e c t  the fac t   hat electrons are the dominant 
current  ca r r i e rs  w i t h i n  the plasma. Figure 22(d) permits a determi nat ion 
o f  the screen hole plasma sheath l oca t i on  t o  be made. For a f i r s t  cut,  
the plasma sheath l oca t i on  was def ined as t h a t  po in t  where the normal- 
ized net  probe cur ren t  had dropped t o  10% o f  i t s  peak value o f  -1.0 
which had been measured w i t h  the probe s i tua ted  deep w i t h i n  the plasma. 
Figure 23 shows probe response curves obtained w i th  the probe 
al igned on the ax is  o f  the cent ra l  screen hole. For these data the 
f o l l  owing parameters were he1 d constant: 
screen hole diameter d, = 12.7 mm, 
g r i d  separation r a t i o  L I d  = 0.390, g s 
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accelerator hole diameter r a t i o  dJds = 0.642, 
screen g r i d  thickness r a t i o  ts/ds = 0.120, 
accelerator g r i d  thickness r a t i o  ta/ds 0.180. 
t o t a l  accelerat ing voltage VT = 1100 vo l ts ,  
ne t - to - to ta l  accelerat ing voltage r a t i o  R = 0.7, 
discharge vol tage V, = 40 vo l t .  
The curves i n  Figure 23 show how w i t h  increasing beam cur ren t  (o r  
normal ized perveance per ho le )  the center o f  the sheath moves down- 
stream i n t o  the screen hole. The maximum normalized perveance per 
hole obtainable w i  th t h i s  g r i d  s e t  was 4.70 X lo-' amp/vol t3;', so the 
two normalized perveance per hole condit ions shown i n  Fig. 23 cor- 
respond t o  beam c ~ r r e n t  increases from 20% t o  80% of the maximum beam 
current  obtainable from the g r i d  set.  
Addit ional p:obe response curves were obtained a t  the normalized 
pervesnce per h i e  values examined i n  Fig. 23. These add i t iona l  data 
were taken a t  probe 1oe.atims other than the screen hole sheath ax l; 
and together w i th  the curves o f  Fig. 23, and the a r b i t r a r y  screen hole 
sheath pos i t ion  d e f i n i t i o n  discussed e a r l i e r ,  i t  was possible t s  re- 
construct the sheath pos i t i on  and shape. The resu l t s  o f  t h i s  recon- 
s t ruc t i on  are shown i n  Fig. 24. The sheath f o r  the smaller beam cur ren t  
i s ,  on the average, 2.5 mrn f u r the r  back from the screen g r i d  than t h a t  
f o r  the l a rge r  beam current.  Also, the small beam cur ren t  sheath has 
a shape, p a r t i c u l a r l y  a t  i t s  extremit ies, t h a t  one c lass ica l  l y  assumes 
w i l l  g ive poor i on  focusing; a cond i t ion  t h a t  i s  known t o  e x i s t  a t  low 
beam currents. [7s81 The e r r o r  bars shown apply t o  each data point .  
The s ize  o f  these e r r o r  bars i s  determined by uncer ta int ies i n  the 
probe pos i t ion ing  apparatus. It should be noted tha t  when the beam 
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current  was increased t o  very near i t s  maximum, the screen h ~ i e  sheath 
was observed t o  move i n t o  the screen hole i t s e l f .  
Ref i nernmts i n  the Experiment 
The sheath probing technique discussed e a r l i e r  was developed 
o r i g i n a l l y  t o  provide an estimate o f  the sheath pos i t i on  only. However, 
the probe response curves presented i n  Fig. 23 ind ica te  a sheath th ick -  
ness of the order o f  a few mi l l imeters.  It i s  f e l t  t h a t  t h i s  thickness 
i s  great enough t o  permit determination o f  the sheath s t ruc ture  ( i  .e., 
the e lec t ron  and i on  number density p r o f i l e s  through the sheath). The 
present sheath probe design i s  unsat is factory f o r  t h i s  task becxse  
t h i s  probe remains biased a t  near acode potent ia l  as i t  i s  moved w i t h i n  
the sheath. Figure 25 i l l u s t r a t e s  the shortcoming of hold ing the probe 
a t  a f i x e d  potent ia l  as i t  i s  moved a x i a l l y .  K i t h  the present probe a t  
pos i t i on  XX the surrounding plasma i s  only  s l i g h t l y  perturbed d ~ e  t o  i t s  
presence because the probe potent ia l  i s  very near anode potent ia l  and 
hence o f l y  a few vo l t s  below plasma potent ia l .  But, when the probe i s  
moved t o  pos i t i on  Y Y  the po tent ia l  i n  the sheath may be ten o r  twenty 
vo l t s  below the discharge plasma potent ia l .  Hence, the probe, because 
i t  i s  biased constant ly a t  near anode potent ia l ,  could be 15 vo l t s  
pos i t i ve  o f  the po tent ia l  a t  p o s i t i o ; ~  Y Y  wi thout  the probe present. 
Thus, w i th  the probe a t  pos i t i on  YY, electrons which worrld o r d i n a r i l y  
be re f l ec ted  back i n t o  the discharge because o f  the re tard ing  accelerator 
g r i d  po ten t ia l  could reach the probe t ip:  This can occur because the  
electrons are being a t t rac ted  by the near-anode potent ia l  biased probe. 
So, i n  a sense the sheath has been stretched because of the presence of 
the probe. This e r r o r  would appear t o  be a systemdtic one and so the 
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resu l ts  prese , ted i n  F ig 's .  23 and 24 are probably s t i l l  q u a l i t a t i v e l y  
correct .  T h ~ l  m~gni tude of t h i s  sheath s t re tch ing  effect i s  estimated 
t o  be small because only  the h i  j h  energy t a i l  o f  the Maxwell i a n  elec- 
trons and the primary electrons wculd be capable o f  f . ~ ? l o w i n g  the sheath 
probe f o r  any s ign i f i can t  distance and t h e i r  percentage o f  the t o t a l  
e lect ron popu'lation can be expecced t o  be small. 
One could determine the e lect ron and i o n  number density p ro f i l es  
through the sheath i f  he could ob ta in  the po tent ia l  va r i a t i on  through 
the sheath as a funct ton o f  dis+inne. What i s  required then i s  a probe, 
posit ioned a t  any a r b i t r a r y  pos i t ion  Y! w i t h i n  the sheath, t ha t  can be 
used t o  determine the po tent ia l  o f  the equipotent ia l  contour passing 
through tha t  point .  The p r o b ~  can then be biased to  plasma poter l t ia l ,  
the e lect ron current  t o  i t  can be measured 2nd the loca l  e;ectron and 
ion  densit ies can be calculated. Usually, p l a v a  potent ia l  can be 
estimated f a i r l y  accuraLely from a L m p u i r .  probe trace. Aithough con- 
d i t i ons  w i t h i n  the sheath ars  not those of a plasma, i t  i s  f e l t  t ha t  
ce r ta in  plasma potent ia l  measurement methods ,nay s t i l l  apply. The probe 
designs being considered f o r  t h i s  task make use @f the emissive h a i r p i n  
probe technique, scaled t o  very small sizes. Constrirction o f  these 11311- 
perturbing probes and the sensing equipment i s  present ly underway. 
ADYANCED ACCELERATOR SYSTEM DESIGN 
Graeme Aston 
I t  i s  g m e r a l l y  desirable t o  increase beam cur ren t  dens i t ies  sub- 
s t a n t i a l l y  above the values o f  present g r i d  systems and previous ion- 
opt ics studies have shown t h a t  reducing the screen- to-accel e ra to r  g r i d  
separation distance increases the beam car ren t  density most dramatical ly. 17981 
Figure 23 shows t h i s  effect i n  the form o f  a p l o t  of g r i d  separat ion 
r a t i o  (a  I d  ) against maximum perveance per hoie for the  case where the g s 
accelerator hole diameter r a t i o  jd,ids) i s  0.642. The co r re la t i on  o f  
maximum perveance per hole w? th the natura l  l o g  o f  the natura l  l o g  of the 
g r i d  separation parameter i s  empir ical  ra ther  than physical i n  basis. 
A i  though a number o f  other parameters were held constant f o r  the data o f  
Figure 26, the co r re la t i on  i s  q u i t e  useful  because previous studies [71 
have shown t h a t  parameters other  than the g r i d  separation rmat ic  and 
accelerator hole diarieter r a t i o  do no t  a f f e c t  the maximum perveance 
s i g n i f i c a n t l y ,  as long as the screen hole diameter dS i s  greater  than 
2 m. -hanges i n  propel lant  do change perveances , b u t  t h i s  effect can 
be accounted f o r  by mu1 t i p l y i n g  the argon Ferveance values o f  Figure 26 
by the square roo t  o f  the r a t i o  of the atomic weight of argon t o  the 
atomic weight o f  the propel lant  being used. The accelerator hole 
divneter r a t i o  (da/ds) f c r  tne data o f  Figure 26 i s  t yp i ca l  o f  values 
used i n  c u r r ~ n t  g r i d  systems, and the e f fec t  o f  changks i n  t h i s  parameter 
on ma;iim~ni perveance cail be estimated from previously publisb,ed i o n  opt ics 
data. 171 
Conventional two-grid accel e ra tor  sys tems are 1 ;m i  ted i n  the maximum 
beam current  they can ex t rac t  from the discharge plasma by the requirement 
t h a t  the gr ids  no t  touch during operation; t h i s  leads t o  the condi t f o n  
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of maintaining specif ied span-to-gap r a t i c s .  Figure 26 suggests t h a t  
the Sti-een and accelerator g r ids  would have t o  be spaced about 0.2 mn 
apart to f a c i i i t a t e  operat ion a t  a beam current  density per ho le  o f  
7 
about 30 nklcm' a t  VT = 1100 v.  Such a g r i d  spacing would necessitate 
an accelerator g r i d  system diameter o f  only a few centimeters t o  insure 
re1 i a b l e  operation. Even i f  such an accelerator system could be b u i l t  
and operated successfully i t  would s t i l l  not  be optimum because of the 
f i n i t e  thicknesses of the screen and accelerator gr ids. These gr ids  
are necessary t o  maintain the required accelerat ing potent ia l  d i s t r i bu -  
t ion, bu t  the thicknesses of the gr ids  correspond t o  regions through 
which the ions are not  being accelerated appreciably. F r m  the po in t  
of view of ion  accelerat ion then, one would l i k e  t o  reduce these g r i d  
thicknesses t o  a minimum. 
Cerani c Accel era t o r  System 
The attainment of high beam current  densit ies without the attendant 
problems o f  c lose ly  spaced gr ids has been achieved using g l  ass-coated 
accel era t o r  g r i d  sys tems . Although such g r i d  sets are subject t o  a 
sput ter  coat ing phenomenon which l i m i t s  t h c . r  l i f e t i m e ,  there are 
appl icat ions where the l i f e t imes  one a t ta ins  w i th  them are acceptable. 
This g r i d  concept was therefore considered worthy o f  study and a g r i d  
se t  was constructed which incorporated the f o l l  owing features: A ceramic 
plasma holder, a t h i n  s i l v e r / p l a t i  num accelerator g r i d  coating f i r e d  
onto the ceramic plasma holder and a carbon decelerator g r i d  %paced 
s l  fght ' ly downstream of the plasma holder and s i l  ve r lp l  atinum coating. 
Two, seven-hole hexagonal array g r i d  sets were fabricated and tested; 
t h e i r  design featurss are shown i n  Fig. 27. The basic design i s  sfmi 
i n  concept t o  the  composite g r ids  of Banks and Bechtel. However, 
t h i s  case the plasma holder  was made from a machinable glass ceramic 
(MACOR) obtained Prom the Corning Glass Works. Because t h i s  mater ia l  
i s  machinable i t  sffords the designer greater  f l e x i b i l i t y  i n  g r i d  
design ana more accurate cont ro l  during fabr icat ion.  Figure 28 shows 
a comparison o f  the g r i d  leauage cur ren t  proper t ies o f  MACOR ceramic, 
compared w i th  the bo ros i l i ca te  g l x s  used by Banks and Bcchtel. A t  
ten~peratures above about 500°K where g r i ds  might be expected t o  operate 
the volume r e s i s t i v i t y  o f  the MACOR i s  higher and i t  exh ib i ts  lower 
leakage clirrents. Unl ike the composite g r ids  o f  Banks and Behtel, where 
b w o s i l i c a t e  glass was electrodeposited over a conventional molybdenum 
grid, a s i l ver /p la t inum coat ing was f i r e d  onto the downstream s ide o f  
the ceramic plasma holder t o  serve the funct ion of an accelerator g r id .  
This s i l  ver /p lat inun coat ing was a precious ne ta l  i n k  (Engel hard #A3147) 
containing 78% s i l v e r  and 2% plat inum by weight i n  so lut ion.  This i n k  
was painted onto the ceramic plasma holder  and f i r e d  a t  850°C f o r  
10 min. a t  an average heat ing and cool ing r a t e  of 7': per minute. 
Guide1 i nes developed dur ing three-gr id accel ers t o r  sys tern tes ts  
suggest t ha t  the decelerator g r i d  hole aiameter should be 25% l a r g e r  
than the accelerator g r i d  hole. IBJ Attempts t o  fabr icate a carbon g r i d  
which would s a t i s f y  t h i s  c r i t e r i o n  and match the hc le  spacings s f  the 
ceramic g r i d  apertures of Figure 27 were not  successful. The decelera- 
t o r  g r ids  of Figure 27, having aperture diameters Q 15% greater than 
those o f  the accelerator g r id ,  were therefore made. These smaller de- 
ce le ra tor  g r i d  holes resu l ted  i n  decelerator g r i d  impingement currents 
tha t  were higher than would be observed w i t h  proper ly  designed apertures. 
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It was noted t h a t  pu t t i ng  a small 45' chamfer on the downstream s ide  
o f  the decelerator g r i d  holes (Fig. 27) reduced the decelerator g r i d  
itipingement currents. 
Single ho le  g r i d  sets fabricated p r i o r  t o  the seven-hol e designs 
shown f n  Fig. 27 ind icated t h a t  wh i l e  the ceramic plasma holder  could 
be machined successful ly t o  a thickness o f  0.25 mn, such a t h i n  g r i d  
was not  necessary. The p?asma sheath surrounding a t h i c k  s ing le  hole 
ceramic plasma holder  was probed and found t o  be wel l  ins ide  the hole. 
The plasma sheath moved fu r ther  i n t o  the ceramic g r i d  hole as the plasma 
desf i i ty was increased. There appeared t o  he no degradation i n  beam 
current  density when using a t h i c k  ra ther  than 2 t h i n  plasma holder; 
though some reduct ion i n  discharge losses would be expected w i t h  the t h f n  
p l  asma hol der . 
Table I compares the maximum beam cur ren t  densi t ies for  both the 
la rge  and small seven-hole ceramic g r i d  sets of Fig. 27 w i t h  tha t  o f  
the highest perveance convential two-grid s e t  examined during the 
previous ion-opt ics study. C73 These data were obtained by increasing 
the discharge current  thereby increasing the discharge chamber plasma 
density u n t i l  some physical l i m i t a t i o n  was reached. I n  the case o f  the 
conventional two-grid se t  t h i s  1 i m i t a t i o n  was reached when the accelera- 
t o r  g r i d  impingement currents became excessive. For the ceramic g r i d  
sets a l i m i t a t i o n  on ava i lab le  cathode heater and/or arc powem was 
reached before the accelerator g r i d  impingement l i m i t .  Higher cur ren t  
densi t ies than those given i n  Table I could therefore be expected w i t h  
the ceramic gr ids.  Average current  densi t ies o f  Column 2 o f  Tab1 e I 
were calculated by d i v id ing  the maximum beam current  by the r a t i o  o f  
the accelerator g r i d  open area t o  the accelerator g r i d  open area f rac t i on .  
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The small 7-hole ceramic g r i d  s e t  i s  observed t o  e x h i b i t  the highest 
currer l t  density, and i t  i s  noteworthy t h a t  t h i s  value could have been 
higher if power supply l i m i t a t i o n s  had no t  been encountered. The 
la rge  7-hole ceramic g r i d  s e t  exhib i ted a lower average cur ren t  densi ty  
because the open area f r a c t i o n  of t h i s  g r i d  s e t  was subs tan t i a l l y  l ess  
than t h a t  o f  the small 7-hole set. The beam cur ren t  per u n i t  open area 
2 o f  ceramic g r i d  sets were i n  f a c t  both about 29 M/cm . 
A problem w i t h  the ceramic g r i d  s e t  designs of Figure 27 i s  t h a t  
the beam divergence angles measured w i th  these designs are large. 
Divergence ha l f  angles o f  20" t o  25" ( f o r  a 95% enclosed cur ren t  cone) 
were t yp i ca l  f o r  the small seven-hole ceramic g r i d  se t  operated a t  the 
beam current  density o f  Table I. Another problem was e lec t ron  back- 
streaming. The la rge  seven-hole ceramic g r i d  s e t  showed an e lec t ron  
backstreaming l eve l  o f  = 20% of the beam current  ( t he  necessary correc- 
t i o n  was made i n  the data o f  Table I so only i on  current  i s  shown). The 
small seven-hole ceramic g r i d  se t  showed no signs of any e lect ron back- 
streaming. 
No l i f e t i m e  tes t i ng  was done, bu t  ind icat ions were tha t  back- 
sputtered conducting material  coatings would be the dominant f a i l u r e  
mechanism o f  the gr ids.  I n  appl icat ions where long l i f e t i m e s  were not  
necessary however such gr ids  should be useful .  The concept used t o  
fabr ica te  the gr ids  might a lso be useful as a quick, low cost  method 
t o  obta in t h i n  g r i ds  f o r  perveance test ing.  
Conclusion 
Large beam current  densi t ies can be obtained w i t h  the ceramic g r i d  
s e t  design ou t l ined i n  t h i s  section. The thickness of the ceramic 
plasma holder does not  seem t o  a f f e c t  the maximum cur ren t  densi ty  which 
can be drawn from the gr ids.  Probe data suggest t h i s  occurs because 
the sheath i s  located we l l  w i t h i n  the plasma holder a t  high cur ren t  
density operat ing condit ions. As plasma holder hole diameter i s  in -  
creased above about 1.5 mn, the accelerator g r i d  thickness must be 
increased t o  prevent e lec t ron  backs treaming . This could be accornpl ished 
by coat ing a r idge around the aperture w i t h  the s i l ver /p la t inum coat ing 
used t o  form the accelerator g r i d  i n  order t o  depress the po ten t i a l  on 
the center1 i ne  o f  the aperturd. 
DISCHARGE CHAMBER SPUTTERING STUD1 ES 
The l i f e t i m e s  o f  discharge chamber components a re  f requent ly  de- 
termined by the  eros ion ra tes  o f  those components. This e ros ion  i s  
caused by discharge chamber ions ( p r i m a r i l y  doubly-charged ones) which 
s t r i k e  these surfaces and spu t t e r  mate r ia l  away. I t  has been observed 
t h a t  impu r i t y  atoms present i n  the discharge chamber and on discharge 
chamber surfaces can e f f e c t  the eros ion ra tes  of these components. 
Ni t rogen f o r  example has been shown t o  reduce spu t t e r i ng  ra tes  of d i s -  
charge chamber mater ia ls  g r e a t l y  even when i t  i s  present a t  very small 
p a r t i a l  pressures. [lo] It i s  considered 1 i k e l y  t h a t  even the mercury 
p rope l l an t  may a l t e r  the  eros ion r a t e  o f  a surface from t h a t  which might 
be expected f o r  the  case o f  doubly-charged mexu ry  ions bombarding a 
c lean surface. Such an ef fect  might be caused by singly-charged mercury 
ions which h l  t the  surface w i t h  i n s u f f i c i e n t  energy t o  cause spu t te r ing ,  
b u t  enough energy t o  cause the i o r  s t o  be imbedded i n  the base mater ia l  
where they can absorb some of the  energy of the incoming doubly-charged 
'ions. 
The measurement o f  spu t t e r  eros ion ra tes  has become a mat ter  o f  
considerable i n t e r e s t  because these ra tes  can determine the 1 i fet imes 
o f  th rus te rs .  Sput ter ing rd tes  can be determined i n  a discharge chamber 
env'ronment by a c t u a l l y  operat ing a discharge chamber f o r  a known per iod  
o f  time, measuring the depth of spu t t e r  eros ion and then c a l c u l a t i n g  the 
eros ion ra te .  I n  o rder  t o  ob ta i n  accurate values however very long t e s t  
times a re  required. I n  order  t o  f a c i l  i %ate shor te r  tests ,  o ther  l ess  
d i r e c t  methods have been p u r s u ~ d .  One of these methods invo lves i n -  
s t a i l l n g  mu1 t i l a y e r  eros ion t e s t  patches. These patches are made by 
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a1 t e r n a t i  ng very t h i n  1  ayers (several  
. , - .. . 
B U N K  NOT FILMED 
hundred angstroms t h i c k )  of the  
mater ia l  b ~ i n g  tested w i t h  copper layers  o f  s i m i l a r  thickness. By 
count ing the number o f  l aye rs  o f  known thicknes t h a t  a re  eroded dur ing  
a few hours o f  t e s t i n g  the eros ion r a t e  can be determined. A quest ion 
can however be ra i sed  about the v a l i d i t y  o f  such a  t es t ,  namely; can 
the r a t i o  o f  the eros ion r a t e  of copper t o  t h a t  f o r  the t e s t  mate r ia l  
be assumed t o  be the  same as the value determined from mexurements on 
pure copper and pure t e s t  metal? I f  t h i s  can be assumed then the t e s t  
can be used, bu t  i f  the presence o f  the  copper induces an e f f e c t  such 
as coning'''' then the r e s u l t s  may no t  be accurate. 
I n  order  t o  determine the e f f e c t s  o f  such impu r i t i es  as copper and 
n i t r ogen  on the eros ion ra tes  o f  var ious t h rus te r  mate r ia ls  the  tes t f ;  
described i n  the f o l  lowi  ng paragraphs were conducted. 
Apparatus 
These t es t s  were conduced i n  a  12 i n .  d ia .  b e l l  j a r  f a c i l  i ty pumped 
by a  4 i n .  d ia .  d i f fus ion  pumping system. The i o n  source used was a  
15 cm d ia .  mu1 t i p o l e  design u t i l i z i n g  anodes and pole pieces on the up- 
stream face o f  the source on ly  (no s idewal l  anodes o r  po le  pieces).  The 
source used argon working f l u i d  and the argon pressure was t y p i c a l l y  
Q 5 x loe4 t o r r  dur ing operat ion. F igure 29 shows the i o n  source w i t h  
the t e s t  specimens arranged i n  the  i o n  beam f o r  spu t t e r  eros ion t es t i ng .  
A t e s t  specimen consisted o f  a  f l a t  g lass subst ra te  onto which a  l a y e r  
o f  t e s t  mater ia l  had been spu t t e r  deposited. T:iis mate r ia l  was then 
p a r t i a l l y  covered by a  Q 1 mn t h i c k  g raph i te  st i e l d  t h a t  had been undercut, 
i n  the manner suggested i n  F igure 29. As a t e s t  specimen was exposed t o  
an i o n  beam, mater ia l  was protected where i t  was covered by the g raph i te  
FIGURE 29.  SLHEMATIC 
DETERMINE 
OF APPARATUS USED TO 
SPUTTERING RATES 
s h i e l d  and eroded wherc i t  was not.  This r esu l t ed  i n  a gradual s tep  
having a he igh t  which could  be measured us ing an o p t i c a l  i n te r fe romete r  
(Angstrolneter) a f t e r  exposure t o  the  beam had heen terminated. Test 
specimens were t y p i c a l l y  1 cm by 4 cm and the  i o n  Seam was s u f f i c i e n t l y  
uniform t h a t  f i v e  such specimens could  5e exposed simultaneously.  
Several k inds of glass subst ra tes ranging from o p t i c a l  f l a t s  t o  p!~oto- 
graphic p l a t e  glass were t r i e d  dur ing  the  course ~f the  t e s t s  and photographic 
p l a t e  glass wits fol ind t o  be s u f f i c i e n t l y  f l a t  f o r  t h i s  app l i ca t i on .  
E f f e c t  o f  Copper on Molybdenum Erosion tk - -es 
Several t e s t s  were conducted wherein mu1 t i l a y e r  e ros ion  samples 
(copper/molybdenum) were exposed t o  a 150 eV argon i o n  beam having a 
2 
cu r ren t  dens i t y  o f  0.9 mA/cm . I n  o rder  t o  ob ta i n  compara . r 2  data on 
the e f f e c t s  o f  copper f ou r  t e s t  specimens having the  f o l  1 owing c tnpos i -  
t i ons  were exposed t o  the beam simultaneously: 
o One molybdenum l a y e r  - 4500 1 t h i c k  
o F ive  molybdenur l aye rs  a l t e rna ted  w i t h  copper iayers  - each one 
900 8 t h i c k  
o Ten molybdenum layers  a l t e rna ted  w i t h  coppor - each one 
450 8 t h i c k  
o Twenty molybdenum layers  a l t e rna ted  w i t h  copper - each one 
225 .8 t h i c k  
These specimens were f ab r i ca ted  a t  C.S.U. and considerable care was 
exercised t o  insure  t h a t  they were k e ~ t  clearr. Molybdenur,~ was always 
used as the  top l a y e r  and the  specimens were kept under vacuum t o  
minimize ox i da t i on  exccpt when they were being t r ans fe r red  between 
vacuum f a c i l i t i e s .  
Table I1 shows the erosion depths measured using the Angstrometer 
f o r  each of the samples exposed t o  the i o n  beam dur ing the conduct o f  
the f i v e  tests. Column two shows the durat ion o f  each tes t .  Columns 
three t h r ~ t ~ g h  s i x  show the t o t a l  e ros io r~  depths fo r  the four d i f f e r e n t  
sample configurations. Imnediately under eal-h t c t a l  depth are the 
calculated depths o f  miybdenum and copger ( i n  paren thesis).  For example 
i n  the second test ,  the specimen ha"! ng f i v e  900 1 ml ybdenum layers 
separatad by f i v e  900 8, copper layers showed a t o t a l  erosion of 5712 A; 
3012 i, o f  t h i s  thickness was estimated to  be molybdenum and 2700 1( was 
estimated to  be copper. The term "estimated depth" i s  used when r e f e r r i n g  
t c  the copper and mulybdenum because these depths were computed on the 
basis o f  nominal layer  thicknesses. These nominal l aye r  thicknesses 
were i n  t u rn  determined from sput ter  depoi i  t i o n  times d iv ided by deposi- 
t i o n  rates f o r  each material .  Deposit ion rates were determined i n  a 
series o f  deposit ion ca l i b ra t i on  tests a r d  were not  measured on the 
actual specimens. I t  i s  i n tn res t i ng  to  note from the data of Table I 1  
tha t  the depth o f  molybdenum eroded i s  only s l i g n t l y  less when copper 
i s  present than i t  i s  when none i s  present. 
Several tes+s were conducted i n  which the erosion rates of copper 
and molybdenum were measured separately. Based on these tests i t  was 
found tha t  coDper eroded a t  157 f 39 Ajmin and molybdenum eroded a t  
26.6 4.5 h i n .  Using these erosion r a t %  tht: time required to  erode 
t~lrough the thicknesses o f  copper and molybdenum given i n  Table I 1  werp 
computed. The calculated times a r e  preseiited i n  Table I11  for each o f  
the samples tested along wi th  the measured durat ion of each tes t .  The 
bottom row o f  data i n  Tsble I11  shows the mean difference bctween the 
actual t e s t  times and the correspondi~g cal cula ted val ues norms1 ized 
TABLE I1 
Copper/Molybdenum Test Resul t s  
- - -~ 
EROSION DEPTH DATA FOR 
Test -
rest Duration One 4500 A Ten 450 1 1 Twenty 225 / 
( m i  n) Moly MolylCopper Moly/Copper 
Key 1 Tota ldepth  I 
k ~ o l y  depth1Cu depth) 
.----- - .- 
TABLE I11 
Effect o f  Copper on Molybdenum Sample Erosion Times 
I i I Calculated Time to Reach Measured D e ~ t h  I I 
i 
Ten 450 !+XI 
(mi n) Moly/Copper : Moly/Copper 
Mean difference 1 0.00 I 0.04 0.03 , 
'between measured 
'and calculated I l0.17 f0.24 1 20.23 1 20.24 
'times 
- --. -. - 
using the actual test. time f o r  each of the sample configurations. These 
data suggest that  the presence of troth m t e r i a l s  resul ts i n  a 
3% t o  4% increase i n  erosion t ime over that  value which w o ~ l d  be ex- 
pected f rom calculat ions based on erosion rates o f  pure materials. 
Further, the thickness of the layers does not  appear t o  a f f ec t  the re- 
sul ts.  Jt i s  noted however tha t  the scat ter  !n the data i s  large (wi th  
one standard deviat ion being 17% t o  24%). These data do suggest however 
tha t  erosion rates of molybdenum obtained using aetectors fabricated 
using al ternate layers of molybdenum and copper should give a reaso~ably 
accurate measure of erosion rates o f  the pure molybdenum a t  ion energies 
of 150 eV. 
The tests reported i n  the preceeding paragraphs are not considered 
complete. Additional tests are planned i n  z cleaner lower background 
pressure environment. These tests w i l l  be conducted a t  ion energies 
tha t  are closer t o  the doubly-charged ion energies observed i n  mercury 
bombardment thrusters . 
Ef fec t  o f  Nitroqen on Erosion - Rates -
Numerous tests o f  the ef fects o f  background in, - i t v  gases on 
sputtering rates o f  discharge chamber materials are 1 x e n t l y  being 
conducted. I n  Order t o  minimize the tfines required t o  obtain the data 
however, they are general l y  measured using a1 terna t i vely 1 ayered bddges 
s imi lar  t o  those j u s t  described or  else these rates are in fer red from 
opt ical  1 i ne radiat ion measurements. Such rad ia t ion measuwnents 
examine the r a t i o  of the radiat ion i ~ t e n s i t i e s  f o r  a t es t  material l i n e  
t o  that  for a propel lant 1 ine. 
The purpose o f  the t es t  described here was t o  measure the erosion 
rates o f  various materials d i r ec t l y  as a function o f  nitrogen pa r t i a l  
pressure i n  the b e l l  j a r  where the sputtering was taking place. It 
should be pointed out  tha t  nitrogen entered t h ~  ion source where i t  became 
subject t o  ionizat ion and dissociation. The current density of these 
various nitrogen species can be calculated using the model described i n  
the next section o f  t h i s  report. 
This study o f  the e f f ec t  o f  nitrogen pa r t i a l  pressure on sputtering 
rates o f  discharge chamber material s was accompl ished by fabr icat ing 
(sputtering) samples o f  the t e s t  materials on siass substrates and then 
eroding them i n  the manner suggested i n  Figure 24. Three materials 
comnon t o  thruster construction were used i n  the test, namely: type 304 
stainless steel , molybdenum and tantal  um. Three samples were exposed 
2 t o  the 150 eV, C.9 mA/cm , argon ion beam simultaneously (one sainple of 
each materSal ) . For each t es t  conducted, the nitrogen par t ia l  pressure 
i n  the b e l l  j a r  was set  and rmintained a t  a constant value. After the 
samples had been sputtered, they were removed and the height o f  the step 
machined i n  each sample was measured op t i ca l l y .  b'igure 30 shows the 
erosion rates dztermined by d iv id ing t h i s  height by the t es t  duration 
f o r  the various materials a t  nitrogen par t ia l  pressures i n  the range 
around to r r .  The data ,how a several fo ld reduction i n  erosion 
r s te  as nitrogen par t ia l  pressure i s  increased f r o m  aboui l om6  t o r r  t o  
3 x to r r .  I t  should be pointed out tha t  pa r t ia l  pressures near 
zero were not measured; rather, they were estimated t o  be o f  order 1 0 ' ~  
t o r r  b;.sed on the nitrogen impurity level  i n  the argon tes t  gas and the 
u l  ti mat^ pressure of the vacuum system. Recent tests have shown that  
nitrogen pa r t i a l  pressures should be below 1. l om8  t a r r  are necessary 
t o  insure the protect ive ef fects o f  n i  trogen are e l  i m i  nated. El21 
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A new, cleaner f a c i l i t y  i s  being assembled t o  repeat these tests. 
They w i l l  be conducted a t  1 awer i o n  energies, c loser  t o  the energies o f  
doubly-charged ions i n  discharge chambers. 
Nitrogen Chemisorption Rates i n  Ion  Thruster Discharge Chambers 
It i s  desi rable t o  be able t o  compute the e f f e c t  o f  n i t rogen on the 
erosion rates of th rus ter  materials so data obtained w i t h  n i t rogen present 
could be corrected. The f i r s t  step i n  the development o f  such a model i s  
t o  ca lcu la te  the a r r i v a l  r a t e  o f  reac t ive  ni trogen species on discharge 
chamber wa l l  s . Such a model i s  developed i n  the f o l  1 owing paragraphs. 
It appears t h a t  the observed reduct ion i n  erosion rates o f  th rus ter  
materials occurs as a r e s u l t  of sput ter  res i s tan t  n i t r i d e s  of th rus ter  
materials which are formed when react ive atomic and i o n i c  n i t rogen pro- 
duced i n  the th rus ter  discharge chamber s t r i k e  the th rus ter  wal ls.  In 
a typ ica l  discharge chamber, the e l  ec tron-bombardment induced react ions 
t h a t  appear t o  be important i n  the generation o f  the reac t ive  species 
are: 
N2 + e- + N' + N + 2e' (1 
O f  the  specf es appearing i n  the above equations molecular n i t rogen 
(NZ) I s  the most abundant. N i  tmgen rnoleculcs probably da not react  w i  t h  the 
wal l  materials a t  a s ign i f i can t  r a t e  however for  two reasons. F i r s t ,  
the d issociat ion energy of t h i s  specie i s  high and s u f f i c i e n t  energy t o  
effect d issociat ion i s  not avai lable a t  the wal l .  Second, the wal l  
temperature i s  s u f f i c i e n t l y  h igh  t o  cause the molecules t h a t  s t r i k e  
chamber wa l ls  t o  be re jec ted  from them almost imnediately. It i s  
obvious t h a t  atomic ions and atoms o f  n i t rogen are very reac t ive  and 
t h a t  they would be chemisorped or: a surface when they s t r i k e  it. The 
mechanism by which molecular ions are  adsorped i s  no t  so obvious. This 
mechanism, re fer red  t o  as impact-activated adsorption ,[ 13' i nvol ves the 
accelerat ion o f  mo lew la r  ions t o  substant ia l  energies through the plasma 
sheath which ex is ts  ~t cathode potent ia l  surfaces. These ions acquire suf- 
f - i e n t  energy as they pass through shch a sheath t h a t  they can d issoci -  
a te  when they impact w i t h  the surface. The s t i c k i n g  coe f f i c i en t  fo r  
the atomic species should be essent ial l :  u n i t y  wh i le  t h a t  fo r  the 
molecular ions i s  about 50% f o r  impact w i t h  molybdenum snrfaces a t  the 
Q 40 eV i o n  energies which might be expected from t yp i ca l  discharge 
chamber plasmas. [I3] Calculat ion o f  a r r i v a l  rates f o r  the important 
species r e q u i r ~ s  a knowledge o f  the reac t ion  cross sections. Cross 
sections f o r  the product ion o f  a; 1 atomic species lumped together 
(Eqn. 1 and 2) are given i n  Reference [13] as a func t ion  of bombarding 
* 
elect ron energy. Cross sections f o r  the reactiora of Equation (3)  are 
given i n  Reference [14]. 
Theoretical Devel opven: 
The rates f o r  the react ions given i n  Eqns. ( I ) ,  (2), and ( 3 )  are 
proport ional t o  the rnol ecular n i t rogen densi t y  i n  the d 'scharge chamber, 
and t h i s  density i s  i n  t u rn  determined by the n i t rogen b. mce  between 
--- 
* 
The cross sections f o r  r e a c t i o ~  of Eon. (1  ) alone are given i n  
Refererce [15]. For the purposes c f  :his work i t  i s  no t  necessary 
t o  d is t ingd ish  between atomjc ions and atoms so the lumped cross 
sections for the r e a c t i ~ n s  of Eqns. (1 ) and ( 2 )  w i l l  be used. 
i n f l ow  and out f low through the gr ids  t o  and from the vacuum tank. 
Figure 31 i s  a schematic diagram o f  the vacuum tank conta in ins a d is-  
charge chamber. I n  the vacuum chanber the n i t rogen molecular densi ty 
(no) i s  re la ted  t o  the n i t rogen p a r t i a l  pressure (Po) and the tank 
wa l l  temperature (To i n  O K )  through the s t a t e  equation 
where k i s  Bol tzmann's constant. It has been assumed here t h a t  the 
molecules are i n  good thermal comnu~icat ion w i th  the tank wa l ls  so they 
equ i l  i b ra te  a t  tank wa7 1 temperatures. 
The f low r a t e  o f  molecular n i t rogen i n t o  the th rus ter  (tiO) i s  
given by 
where AA i s  the open area o f  the accelerator  g r i d  and vo, the mean 
molecular ve loc i ty ,  i s  given by 
The quant i ty  mo i s  the n i t rogen molecular mass. 
As a r e s u l t  o f  e lec t ron  bombardment o f  the discharge chamber, 
+ + 
n i t rogen molecules (N2). atoms (N), ions (N ) and molecular ions (Np) 
w i l l  be produced and w i l l  reach equ i l ib r ium densi t ies n2, n,, n+ and 
"2+ respect ively.  The equivalent loss r a t e  o f  n i t rogen molecules (A) 
from the discharge chamber as a r e s u l t  o f  migrat ion o f  each o f  these 
species through the gr ids  w i l l  then be 
a!' c0 
FIGURE 31. NITROGEN FLOW SCHEMATIC 
The symto 
cu r ren t  densi t 
through the g r  
v  i s  the mean 2 
I s  jl , j+ and j represent r espec t i ve l y  the p a r t i c l e  2+ 
fes o f  n i t r ogen  atoms, atomic ions and molecular ions 
ids .  The quan t i t y  As i s  the screen g r i d  open area and 
t h e m a l  ve loc i  ty o f  n i  t rogen molecules and i s  g iven by 
I n  t h i s  equation Tw i s  the t h r u s t e r  wa l l  temperature ( O K ) .  
Some o f  the n i t rogen  species going t o  the discharge chamber wa l l s  
i n t e r a c t  w i t h  the wa l l  mate r ia l  and a re  re ta ined  i n  the discharge chamber 
a f t e r  spu t t e r i ng  has occurred. The ex ten t  t o  which each c f  the species 
would be re ta ined  i s  no t  known, b u t  becduse some could be retained, the 
equiva lent  molecular n i t rogen  loss  r a t e  from the chzmber (i) w i l l  be 
less  than the r a t e  o f  in f low.  The f r a c t i o n  f describes t h i s  r a t i o  o f  
ou t f low t o  i n f l o w  through the equat ion 
One would expect t h a t  wh i l e  t h i s  f r a c t i o n  may be less  than u n i t y  dur ing  
the i n i t i a l  phases o f  discharge chamber operat ion i t  would even tua l l y  
approach a steady-s t a t e  value of  un i  t y  . 
Computation o f  the i o n i c  and atomic specie dens i t ies  i s  accomplished 
by equating the p r ~ d u c t i o n  and loss  ra tes  f o r  each of  these species t o  
s a t i s f y  the steady-state c o n t i n u i t y  cond i t i on  f o r  each. The product ion 
ra tes f o r  atomic ions ( +  and atoms (bl) and mmolecular i o n  (b2+) are 
given by 
where 5 i s  the primary e lect ron enevgy and 'C i s  the primary e lec t ron  P r  
region volume. The quant i t ies  npr, nmx, %r , Tmx represent respect ive ly  
+% primary e lec t ron  density, Maxwell i a n  e lec t ron  density, primary 
e lect ron energy and Maxwell i an  e lect ron temperature. Other qvanti ti es 
appearing i n  these equations are the p;.oduction r a t e  factors (e lec t ron  
veloc i  ty-cross sect ion products) f o r  the production o f  atomic ions c r  
1 + atoms by primary electrons (P (5 ) )  and Maxwellian electrons ( Q ~ ' : T ~ ~ ) )  2 P r  
and the production o f  molecular ions by primary and Maxwell i a n  electrons 
( ~ ' ' ( 6  ) and (Q?(T~,)). These coe f f i c i en ts  have been computed f o r  2 Pr 
ni trogen as a func t ion  o f  energy and temperature and they are p l o t t e d  
i n  Figures 32 through 35. 
Because each o f  the species mentioned above  re l o s t  only as a 
resui t o f  migrat ion t o  the surface of the primary e lect ron region the 
production rates of Equations (10) and (11) can be equate3 t o  the loss 
ra te  a t  t h i s  boucdary f o r  each specie. This leads to  the fo l low ing se t  
o f  equations : 
where A i s  the surface area - f  the primary e lect ron region. 
Equations (5), (6), !7),  (8) ,  ( 9 ) ,  \ 1 2 )  and ( 13 )  may now be combined t o  
obtain an expression f o r  the molecular n i t rogen densi tyr i n  the  discharge 
chamber. This equatZon i s  
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Equations (12) through (14) can m be solved t o  determine f i r s t  the 
densi ty of molecular n i t rogen ir; the discharge chamber and then the 
cur ren t  densi ty o f  t~it i o n i c  and atomic: species toward any discharge 
chamber surface o r  i n  tne i o n  beam. 
Typical Results -
Using the fo l low ing  plasma and geometrical condi t ions t yp i ca l  o f  
the IS cm dia. argon th rus te r  being used f o r  spu t te r inq  tes ts  along 
w i t h  appropr iate constants one can ob ta in  numerical values f o r  these 
current  dens i t ies .  
= 50O0K 
Tw 500°K 
A S I A A  = 1 
From Figures 32 t o  35 the fo l lowing r a t e  c o e f f i c  
primary and Maxwt ' ; - an electrons are obta i  tied a t  
and energy condi t ions given above: 
i ents per ta in  
the e lect ron 
ing  t o  the 
temperature 
Using these values as input  t o  Equatiogs (12) through (14)  the current 
densit ies i n  the t h i r d  and forrrth columns given i n  Table I V  are cal -  
culated as a funct ion o f  nitrogen partia.1 pressure. 
TABLE I V  
Calculated N i  trogen Current 
3ensi t i e s  i n  a Typical Thruster Plasma 
To obtain atom, atomic ion  or  molecular ion a r r i v a l  rates per u n i t  area 
one must d iv ide the values of columns three and four by the charge o f  
an electron. Mu1 t i p l y i n g  these values hy the s t i ck ing  probabil i t i e s  
ap~rop r ia te  t o  each specie, the atom retent ion rates g'ven i r  c;ums 
Molecular Atomic ' Molecu!ar Atm Retention 
Ni t r q e n  Nitrogen Specie 1 Ion Current Rates on Molybdenum 1 
! Par t ia l  Density Current Density I f rom 
! Atomic Molecular I 
I Specie I  on 
C u r r y t  I Current 
I I (atons/m sec) (a tom@ set), 
4 
7 
' 7 x 10l6 
I 2.4 10li i 0.14 0.:i 3 x 1 0 ~ '  7 l 0 l 7  
' 10-4 I 18 2.4 x 1018 : 1.4 ! 1.1 9 x l o J 8  7 x 10 ! 
I i 
I 
12 x I G - ~  j 4.9 x 10 
-- 
f i v e  and s i x  of Table I V  are obtained. A s t i ck ing  probabi l i ty  of un i t y  
was used f o r  the atomic ions and atoms (column 5) .  The s t i ck ing  coef- 
f i c i e n t  of 0.5 measured f o r  40 eV nitrogen molecular ions s t r i k i n g  
m l y b d e n ~ n ~ ' ~ ~  along wi th  a fac to r  o f  two, because two atans are released 
when a m lecu le  s t r ikes wall, were used t o  obtain the resu l ts  of column 6. 
Conclusions 
The presence o f  copper i n  mu1 t i  1 ayer mo: ybdenun eros ion detectors 
doesn't reduce the erosion ra te  by more than 3 t o  4% from that  ra te  that  
would be expected f o r  pure molybdenum and cepper f o r  argon beam energies 
c f  about 150 eV. A several f o l d  reduction i n  the erosion rates of 
thruster materials i s  observed as the nitrogen par t ia l  pressure I s  in -  
creased from about t o  3 x l om4  to r r .  
Calculated chmisorpt ion rates o f  nitrogen atsms on molybdenum 
screen grids i n  typical  bombardment ion thrusters w e  of order 
2 x 10'' rn.' secol a t  a n i  tmgen pa r t i a l  pressure of I!I-~ to r r .  About 
ha l f  o f  these atoms are produced as atomic species i n  the discharge 
plasma and t'ic. other h a l f  are produced from molecular ions which acquire 
su f f i c i en t  energy i n  the plasma sheath t o  dissociate when they impact 
the scrface. 
PLASMA PROPERTY COgRELATIONS 
It i s  f requent ly  desi rable t o  know the plasma condS t ions  ex i s t i ng  
w i t h i n  a discharge chamber so calculat ions of such quant i t ies  as the 
doubly-charged ion  density can be made. Col l  ec t ion  of these data i s  , 
however, t ime consuming and one must have operational hardware ava i lab l  e 
i n  which t o  make the measurements. During the development of the 
doubly-charged ion  production model a substant ial  amount of pldsma 
property data were obtained i n  15 cm d i a  and 30 cn d ia  discharge chambers. 
These data were corre lated w i t h  parameters formulated from operational 
and design variables, so pred ic t ive  calculat ions requ i r ing  plasma data 
could be made. Plasma property data have been c o l l  ected more recent ly  
i n  the 8 cm discharge chamber. 1171 These have been incorporated i n t o  
the new volume-averaged p l  asmd property corre lat ions f o r  divergent f i e i d  
thrusters which are shown i n  Figures 36 througl 39. No dttempt has been 
made i n  these cor rz la t ions  t o  establ i s h  a physical basis f o r  the se lec t ion  
of the c o r r e l a t i ~ g  parametors. Instead, the exponents of the variables 
comp:isi ng each corre? a t i  ng parameter were simply adjusted u n t i  1  the 
co r re la t i on  c o e f f i c i e n t  r f o r  a l e a s t  squares l i n e a r  curve fir f o r  each 
set  of data was maximized. The variables t h a t  were used t c  generate the 
cor re l  a t i  ng parameter were: 
discharge vol tage 
- "D 
discharge current  
- ID 
beam current  
- I B  
vol ume- to-surface 
area r a t i o  of the primary 
e lectron region i n  the 
discharge chamber - VIA 
open area f rac t ion  of 
the accelerator g r i d  
- +a 
FIGURE 36. MAXWELLIAN ELECTRON TEMPERATURE CORRELATION 
FOR MERCURY, DIVERGENT F I E L D  ThRUSTERS 
DIVERGENT FIELD THRUSTER 
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FIGURE 37. ELECTRON DENSITY CORRELATION FOR MERCURY, 
DIVERGENT F I E L D  THRUSTERS 
DIVERGENT FIELD THRUSTER 
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FIGURE 38. PRIMARY ELECTRON ENERGY CORRELATION FOR 
MERCURY, DIVERGENT F IELD THRUSTERS 
Dia. (cm) 
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F I G U R t  39. PRIMARY ELECTRON D E N S I T Y  C G R ~ E L A I I O N  
FOR MERCURY, D I V E R G L J T  F IZLD THRUSTERS 
Figure 36 shows for  example the vol ume-averaged , Maxwell i a n  e l  ec- 
2 t r o n  temperature co r re la t i on  w i t h  the parameter v ~ ( Y / A ) " ~  / I ~  ~ h t s  
parameter gave a co r re la t i on  coef f i c ien t  of 0.91 atid i t  represented the 
best co r re la t i on  observed. Figures 37, 38 and 39 snow s i m i l a r  corre la-  
t ions f o r  other  vol ume-averaged plasma proper t ies of i n te res t ,  namely 
t o t a l  e lec t ron  density , primary e l  ectron energy and primary e l  ect ron 
densi ty  respect ively.  The data used t o  ob ta in  these cor re la t ions  wh i le  
they were a l l  obtained i n  divergent f i e l d  thrusters were co l lec ted  a t  3 
va r i e t y  o f  operating condit ions a ~ d  w i  t h  various accelerator  gr ids.  
There i s  always a poss ib i l  i t y  t h a t  some variable, ilnaccounted f o r  i n  an 
empirical co r re la t i on  w i l l  be var ied i n  a new design o r  a t  a new 
operat ing condit ion. The attempt t o  wary design and operat ing c m d i t i o n s  
as much as possible i n  order t o  v in imizc the chancx f o r  t h i s  has been 
made however ;n the data o f  Figures .?6 through 39. 
RADIAL FIELD THRUSTER 
This discharge chamber design concept, f i r s t  proposed by Knauer, 
Poeschel and Ward, [I8] has been invest igated because i t  o f f e r s  the 
po tent ia l  o f  operat ion under condit ions where the 1 i f e t i m e  1 ? m i  t i n g  
screen g r i d  erosion observed i n  otber  designs could be reduced. The 
means whereby t h i s  should be possible can be understood by considering 
Figure 40, a schematic o f  the th rus ter  w i t h  an i r o n  f i l i n a s  magnetic 
f i e l  d map super- iinposed . 
I n  the operat ing mode proposed by Knauw, Poeschel and Ward, elec- 
trons generated a t  the cathode were accelerated i n t o  the main discharge 
region through the series o f  small holes shown i n  the center pole piece. 
These primary e l  x t r o n s  were general ly confined t o  the primary e lec t ron  
region shown i n  Figure 40 by the rad ia l  magnetic f i e l d  1 i ns -o f - f o rce .  
As these electrons gyrate w i t h i n  the primary e lec t ron  region, they under- 
go c o l l i s i o n s  and are able t o  migrate upstream toward the anode under 
the in f luence o f  the p reva i l i ng  e l e c t r i c  f i e l d .  As a r e s u l t  of the 
co l l i s i ons ,  electrons having a Maxwellian d i s t - r i bu t i on  func t ion  and 
i ~ n s  are produced. Two sets o f  magnets shown i n  F -  -1  40 a r e  
used t o  produce the desired magnetic f i e l d  shape.  dial magnets 
are used t o  produce the general i i e l d  i n  both conf ;,,,.--"_l,lli s ' i ~ t e n s i t y  
and the ax ia l  magnets are ::sed t o  tune i t  up by adjus 3) i a l  
l oca t i on  of the c r i t i c a l  f i e l d  1 ir?es near the outer rir, ,  , o f  the di;- 
charge chamber. The cathode has a G.32 cm d i a  o r i f i c e  p ia te  w i th  a 
0.76 mm dia. o r i f i c e  i n  i t . The center pole piece i s  1.9 cm i n  outs ide 
diameter and 1.5 cm ins;de diameter. The discharge chamber diameter 
for  the th rus ter  used i n  these tests wds about 14 cm. The u n i t  was 
operated w i t h  a high perveance dished g r i d  s e t  having a 67% open area 
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screen g r i d  and a 54% open area accelerator g r id .  
The method f o r  reducing screen g r i :  erosion w i t h  t h i s  discharqe 
chamber irrvol ves b ias ing the screen g r i d  above cathoae pot i l , i t ia l ,  This 
reduces screen g r i d  erosion damage berquse increasing the po tent ia l  o f  
the screen g r i d  resu l t s  i n  a reduct ion o f  the energy of the incoming 
ions t h a t  are responsible for  sputtering damage ( t h i s  energy i s  prcpor- 
t i ona l  t o  the d i f fe rence between p lasm potent ia l  and screen g r i d  
pcrtential ) . Because t i le sput ter ing y i e l d  var ies as the cube of the 
energy a t  which these ions impact (3n t h i s  energy range), small increases 
i n  the screen 4 3 po tent ia l  r s s u l t  i n  sbbstant ia l  reductions i n  the r a t +  
o f  screen g r i d  erosion. Mi th t h i s  p a r t i c u l a r  discharqe chamber cmf igu ra -  
t i o n  i t  was expectea t h a t  the screen g r i d  could be b ia ied  subs tan t i a l l y  
above the cathode potent ia l  a t  wh,ch x r e e n  gr ids  normally o,.<rete wi th-  
out deg r~d ing  discharge chamber performance. This was ant ic ipated 
because the primary e lect ron region does not  i ~ ~ t e r c , e c t  the rad ia l  th rus ter  
screen g r i d  , primary e l  ectrons should, therefore, not  have d i r e c t  access 
to  it. 
Experitnet~tal - Resui t ; ~  
This cmcept  has been examined experimentally and the resu l t s  ob- 
tained ui t h  the conf jgurat ion shown i n  Figure 40 have been reported 
previ,:,  sly. [''I The data were obtained e f  a screen p o t e n t i l l  of + 1000 v 
and an accelerator potent i61 o f  - 500 v. The c o n f ' g w s t i m  9 f  F:gure 49 
d i d  no t  ~ e r f o r m  s a t i s f a c t o r i l y  however because a sui+?ble hole s ize  f o r  
the apertures i n  the center pnl e piece could no t  be found. These holes were 
e i  t h c r  too small, i n  which case tne main discharge could no t  be i g v i  ted once 
the ca thodc was operat i  119, o r  they wen too 1 arge and the proper inpedance 
could not br maintained across them. The conf igurat ion shown i n  
Figure 41 was therefore adopted. With t h i s  center pole piece arrange- 
ment magtietic f i e l d  l f nes  passed through the aperture from the center 
pole piece t o  the center pole piece t i p .  This resul ted i n  adequate 
impedance i n  the aperture and a substant ial  improvement i n  perfonnance. 
rhe  performance acil!eved w i t h  t h i s  conf igurat icn i s  shown i n  Figure 42 
a t  a tor. I flcw i-<.;e o f  730 mA eq. as the dotted l i ne .  ?his performance 
was obsc !led w i th  the screen g r i d  a t  cathode potcr t i ia l .  The three s o l i d  
symbols shown ind ica te  p e r f o m m e  a t  a discharge voltage of 37 v. The 
d i s  :narge power-propel l a n t  u t i l  i z a t i o n  curve for the divergent magnetic 
f i e l d  SERT I 1  thruster  i s  shown as the s o l i d  l i n e  t o  f a c i l i t a t e  comparison. 
The SERT I1 discharge chamber i s  observed t o  e x h i b i t  substant ia l l y  
be t te r  performance. 
A number o f  discharge chanber modifications were attempted i n  an 
e f f o r t  t o  improve .he rad ia l  f i e l d  th rus ter  p-rformance. These included 
adjust ing the pos i t ion  o f  the anode, varying the width o f  the aperture 
gap, changing the magnetic f i e l d  i n tens i t y  and shape through the use o f  
the rad ia l  and ax ia l  e1ectro;nagnets and moving the cathode a x i a l l y  w i  t h i q  
the  center pole piece. The th rus ter  was arranged so a1 1 of the a1 tera- 
t ions could be accomplished wh i le  thc th rus ter  was operating. The 
greatest improvement i n  performance was brought about by moving the 
cathode downstream t o  a locat ion  very near the aperture. The preferred 
anode pos i t ion  was s l i g h t l y  upstream o f  the aperture and the preferred 
aperture gap was 0.69 cm. Tuning o f  these variables r e s u l t e i  i n  the 
performance shown by the lokes t  curve i n  Figure 42. While the performance 
observed w i th  t h i s  conf igurat ion i s  much improved e r  t h a t  observed w i th  
the cathode upstream and s i  i g h t l y  be t te r  than tha t  observed wi th  SERT 11, 
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FIGURE 42. RACIAL F I E L D  THRUSTER PERFORMANCE COMPARISON 
i t  was found tha t  the maximum f loss  ra te  a t  which t h i s  discharge chamber 
could operate was substant ia l ly  reduced. 4s Figure 42 s u g g a b  this 
l i m i t i n g  flow ra te  was about 550 mA. Flow rates beyond t h i s  resulted 
i n  excessive impingement currents and high vol tage cycling. With the 
thruster  i n  t h i s  configuration the effect o f  screen g r i d  bias on 
thruster  performance was examined. It was observed that  t h i s  g r i d  
could be biased over the range from cathode potential  t o  f l oa t i ng  
potent ia l  w i  thout causing any noticeable change i n  the 1 owes t curve 
shown i n  Figure 42. Typical ly the f l oa t ing  potential  was about 10 vo l ts  
and attempts t o  bias the screen g r i d  t o  potentials above the f l oa t i ng  
potential  resulted i n  a rapid degradation i n  performance. 
I n  order t o  extend the flow ra te  range over which the discharge 
chamber could be operated, the center pole piece diameter was increased. 
The j u s t i f i c a t i o n  f o r  th i s  was tha t  the discharge chamber operated 
stably a t  a h igher flow ra te  when the cathode was upstream and i t  wds 
postulated that  th i s  occurred because the cathode discharge region 
volutw was greater. It was argued that  increasing the center pole piece 
diameter would again increase t h i s  volume and hence the maximum flow rate. 
The sol i d  1 ine on Figure 43 shows the performance curve obtained 
wi th  the rad ia l  f i e l d  thruster  when the pole piece outside diameter was 
increased to  2.5 cm from the 1.9 cm diameter used i n  obtaining the data 
o f  Figure 42. The iarger poie piece diameter d id  f a c i l i t a t e  operaticn 
a t  a high!?; flow rate, but  i t  resulted i n  poorer thruster  perfornance. 
I n  order t o  r e g i n  some o f  t h i s  performance loss, the upstream anode area 
2 
was increased from the 70 cm used t o  obtain the previous data ( a l l  of 
2 Figure 42 and the sol i d  1 ine date o f  Figure 43) t o  120 cm . This re- 
sulted i n  a thruster performance improvement t o  the leve l  shown by the 
FIGURE 43. RADIAL F I E L D  Tt!4USTER PERFORMANCE 
i 
i 
dot ted l i n e  of Figure 43 wi thout  the loss of capacity t o  perform a t  the 
higher flow rates. Next the pole piece diameter was reduced t o  1.9 cm 2 
and the center pole piece t i p  was replaced by a f l a t  baffle. This re- 
su l ted  i n  a f u r t h e r  improvement i n  performance again wi thout  any loss  
i n  capacity t o  perform a t  the higher flow r a t e  leve l .  One add i t iona l  
2 t e s t  was ;un using a 2.5 cm dia.  pole piece, 120 cm anode and a f l a t  
baffle. The performance achieved w i t h  t h i s  conf igura t ion  was s i m i l a r  
t~ tha t  represented by the lowest curve on Figure 43 a t  a 700 mA flow 
rate. Operation a t  f:cd rates above 700 mA were possible w i t h  t h i s  con- 
f i g u r a t i o n  a1 though some degradation i n  performance was observed when 
the f low r a t e  was increased t o  830 mA. It i s  ngted t h a t  increasing the 
anode area i n  divergent f i e l d  thrusters has no t  been observed t o  improve 
t h e i r  wh i le  i t  does appear t o  have drne so f o r  the  r a d i a l  
f i e l d  th rus ter  data o f  Figure 43. E l  iminat ing volumes such as t h a t  o f  the 
center pole piece t i p ,  which tends t o  displace i on i z ing  electrons and 
provide a surface f o r  recombination, i n  favor of a simpie f l a t  b a f f l e  has 
previously been observed t o  improve performance. [ I 91  
I n  tes t i ng  each o f  the conf igurat ions represetited on Figure 43 the 
screen g r i d  was operated a t  both cathode potent ia l  and f l oa t i ng  po ten t i a l  
(%I0 v!. Changing between these potent ia ls  resul ted i n  negl i g i b l e  s h i f t s  
i n  the performance curves. These resu l t s  suggest t ha t  the r a d i a l  f ie ' id  
th rus ter  can be operated w i th  the screen g r i d  a t  f l oa t i ng  pa tent ia l  w i t h  
no adverse ef fect  on performance. 
One aspect of rad ia l  f i e i d  th rus ter  operat ion which was disappoint ing 
pertains t o  the f la tness o f  the i o n  beam p r o f i l e  from t h i s  thruster .  I t  
was ant ic ipa ted  t h a t  these p ro f i l es  would be considerably f l a t t e r  than 
p r o f i  les measured on divergent f i e l d  conf igurat ions. Figure 44 shows 
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some t y p i c a l  i o n  beam pp3f i les  me3sured on the r a d i a l  f i e l d  t h rus te r  
using a Faraday probe located 2.5 cm downstream o f  the accel g r i d  a t  
i t s  center l ine.  The parameter F describes the beam p r o f i l e  f latness 
and i s  def ined as the r a t i o  o f  average t o  peak beam cur ren t  densi t ies.  
For the SERT I I thrus ter  t h i s  parameter hdd a value near 0.49. [ 21 The 
design changes introduced i n t o  the rad ia l  f i e l d  th rus ter  t o  improve i t s  per- 
formance (anode area and locat ion,  cathode loca t ion ,  center pole piece diameter 
and b a f f l e  aperture width)  were observed t o  have no s i g n i f i c a n t  ef fect  
o f  the i o n  beam p r o f i l e .  One parameter which d i d  seem t o  have an effect 
on i o n  beam p r o f i l e  was the r a d i a l  magnet f i e l d  current  ( I  ) As i t  
mag 
was increased from 7 A t o  51 A i t  causea the p r o f i l e  t o  f l a t t e n  s l i g h t l y  
as suggested by comparing the dotted and s o l i d  curves on Figure 44. It 
i s  i n te res t i ng  t o  note t h a t  increasing the magnet current  from 7 A t o  
11 A a lso resul ted i n  an increase i n  the f l o a t i n g  po tent ia l  o f  the screen 
g r i d  from near 10 < o l t s  t o  near 17 vo l t s .  It appears therefore t h a t  i n -  
benef ic ia l  for two reasons; 
i l e  and i t  increases the f l oa t i ng  
i ng i t  possible to  reduce the 
creasing the magnetic f i e l d  i n t e n s i t y  i s  
namely because i t  f l a t t e n s  the beam prof 
po ten t i a l  of the screen g r i d  thereby mak 
energy o f  ioi ls sput ter ing i t s  surface. 
Physical ly  one would expect the i o n  
po tent ia l  o f  the screen g r i d  t o  increase 
increased. These ef fects are presumably 
beam t o  f l a t t e n  and the f l oa t i ng  
as magnetic f i e l d  i n t e n s i t y  was 
a r e s u l t  o f  the more e f f e c t i v e  
confinement o f  electrons t o  the primary e lec t ron  region (Figure 40) 
brought about by the increased magnetic f i e l d s .  These e f fec ts  o f  the 
magnetic f i e l d  have not  y e t  been studied systematical ly,  bu t  such a 
study i s  planned over a la rger  range of magnetic f i e l ds  than have been 
invest igated here. 
The data represetlted by the s o l i d  and dnr?;ted l i n e s  o f  Figure 44 
were obtained w i t h  the screen g r i d  a t  cathode potent ia l ,  b u t  a l lowing 
the screen g r i d  t o  f l o a t  resu l ted  i n  no measurable change i n  these 
data. Biasing the screen g r i d  t o  near-anode po ten t i a l  did, however, 
r e s u l t  i n  add i t iona l  f l a t t e n i n g  o f  t h i s  p r o f i l e .  With the screen g r i d  
a t  32 v (anode voltage 37 v), the i o n  beam p i -o f i le  represented by the 
dashed l i n e  was measured. The reason fo r  the f l a t t e n i n g  o f  the 
beam p r o f i l e  here can be understood by considering the discharge chamber 
schematic shown i n  Figure 40. When the screen g r i d  i s  biased near anode 
potent ial ,  electrons located downstream o f  the primary e l  ectron region 
can be col lected. These electrcns, wh i le  they may not  be t rue  primary 
electrons, general ly have s u f f i c i e n t  energy to  ion ize  some prope l lan t  
atoms. When these electrons arz  c o l l  ected i on  production near the 
th rus ter  center l ine  i s  reduced. This not  only  f l a t t e n s  the i o n  beam 
p r o f i l e ,  b u t  also degrades the th rus ter  performance because o f  the loss 
o f  electrons k l i c h  have s u f f i c i e n t l y  high energies t h a t  they can i on i ze  
a toms. 
Conclusions 
A 
Performance comparable to  tha t  of the SERT I 1  th rus ter  can be 
achieved i n  the rad ia l  f i e l d  thruster .  The screen g r i d  o f  the rad ia l  
f i e l d  th rus ter  can be biased t o  f l o a t i n g  po tent ia l  w i t h  no adverse 
e f f e c t  on discharge chamber performance. This bias,which i s  o f  order 
10 volts,should be s u f f i c i e n t  t o  reduce the energy of doubly charged 
propel lant  ions about 20 eV, and hence, reduce the sput te r ing  damage 
which they cause s ~ ~ b s t a n t i a l l y .  For example, i n  the 30 cm dia th rus ter  
reducing the po tent ia l  di f ference through which ions are accelerated i n t o  
the gr ids  from 38 t o  28 vo l t s  should r e s u l t  i n  about a f i v e f o l d  increase 
i n  g r i d  l i f e t i m e  and reducing t h i s  potent ia l  difference from 36 t o  26 
vol ts  should r e s u l t  i n  about a tenfold increase i n  l i f e t i m e .  C221 
The ion beam p r o f i l e  o f  t h i s  thruster i s  not as f l a t  as was expected. 
Attempts to  f l a t t e n  i t  fur ther  w i l l  focus on changing the magnetic f l e l d  
intensi  tj i n  the discharge chamber. 
REFERENCES 
1. Longhurst, G .  R., "Pred ic t ion  of Plasma Propert ies i n  Mercu~y  Ion  
Thrusters ," NASA CR 159448, Dec. 1978. 
2. Banks, 6. A., "8-cm Mercury I on  Thruster System Technology," A I M  
Paper 74-1 11 6, AIAA/SAE 10th Propulsion Conference, San Diego, 
Cal i f . ,  1974. 
3. Herron, B. G. e t  31, "Engineering Model 8-cm Thruster System," AIAA 
Paper 78-646, AIAAIDGLR 13th E l e c t r i c  Propdls i o n  Conference, 
San Diego, Ca l i  P., 1378. 
4. Siegfr ied, C. E. and d i l bu r ,  P. J., "An Inves t i ga t i on  of Mercury 
Hollow Cathode Phenomena," A I A A  Paper Nu. 78-705, A p r i l  1978. 
5. Hama, V .  and Richley, E. A., "Numerical Evaluat ion o f  Ion-Thruster 
Optics," NASA TN 0-1665, May, 1963. 
6. Golden, D. S. and Cohen, E., "Plasma Ext rac t ion  Optics Study," 
TRW Report No. 14176-6001-T0-00, Sept., 1971. 
7. Aston, G. , Kaufman, H. R. and W i  1 bur, P. J., " Ian  Beam Divergence 
Character is t ics o f  Two-Grid Accelerator Systems," A I A A  Journal, 
Vol . 16, No. 5, May 1978, pp. 51 6-524. 
8. Aston, G. and Kaufman, H. R., " Ion  Beam Divergence Character is t ics 
o f  Three-Grid Accel e ra to r  Sys tems , " A I A A  Paper No. 78-669, 1978. 
9. Banks, B. A. and Bechtel , R. T., "1000-Hour Endurance Test of a 
Glass-Coated Accelerator G r i d  on a 15-centimeter-Diameter 
Kaufman Thruster," NASA PN D-5891, July,  1970. 
10. Rawlin, V.  K. and M. A. Mantenieks, "E f fec t  o f  F a c i l i t y  Background 
Gases on In te rna l  Erosion of the 30-cm Hg Ion  Thruster," AIAA 
Paper 78-665, A p r i l  1978. 
11. Wehner, G. K. and 3. J. t la j icek, "Cone Formation on Metal Targets 
During Sputtering,"   our. of App. Phys., V .  42, No. 3, ' 
March, 1971, pp, 1145-1149. 
12. Poeschel , R. L., "Primary E l e c t r i c  Propulsion Technology Study," 
Monthly Seport No. 12, 1 Aug. 1978-1 Sept. 1978, Contract 
NAS 3-21040. 
13. Winters, H. F.,  " I on i c  Adsorption and Dissociat ion Cross Section 
fo r  Nitrogen," J. Chem. Phys., V. 44, No. 4, pp. 1472-1475, 
15 Feb. 1966. 
14. Rapp, Donald and Paula Engl ander-Golden, "Total  Cross Sections f o r  
I on i za t i on  and Attachnient i n  Gases by Elect ron Impact I. 
Pos i t i ve  ion iza t ion"  -. J.  Ch... . - P h y ~ . ,  J .  43, NO. 5, pp. 1464-1479, 
Sept., 1965. 
15. Rapp, Donald, e t  a1 ., "Cross Sections for Dissociat ive Ion i za t i on  
. .  - 
o f  ~ o l e c u l e s  by - ~ l e c t r o n  Impact ," J. Chem. Phys .-, V .  42, No. 12, 
pp. 4081-4064, 5 5 June 1965. 
16. Peters, R. R. e t  a1 . , "A Doubly Charged Ion  Model for  Ion Thrusters ," 
Journ. S acecraf t  and Rockets, V. 14, No. 8, Aug. 1977, jmT=k 
17. Wilbur, P. J., "Mercury Ion Thruster Research - 1977," NASA CR-735317, 
December 1977, pp. 96-104. 
18. Kn~uer, W., e t  a1 . , "Radial F i e l d  Kaufinan Thruster," Journ. Spacecraft 
and Rockets, V. 7, No. 3, March 1970, pp. 248-250. 
19. Wilbur, P. J., "Mercury Ion Thruster Research - 1977," NASA CR-135317, 
December 1977, pp. 105-116. 
20. Reader, P. D., " Invest igat ion o f  a 10 Centimeter Diameter Electron 
Bon~~ardment Iorc Rocket ," NASA TN 0-1 163, 1962. 
21. Longhurst, G. R. and P. J.  Wilbur, "Mu1 t i p o l e  Mercury Ion  Thruster," 
A I A A  Papec No. 78-682, A p r i l  25-27, 1978. 
22. Kerslake, W. R., p r i va te  communication t o  P. J. Wilbur, January 3, 
1979. 
